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A chip based fast scanning calorimeter (FSC) is used as a fast hot-stage in 
an atomic force microscope (AFM). This way, the morphology of materials with 
a resolution from micro to nano meters after fast thermal treatments becomes 
accessible. FSC can treat the sample isothermally or at heating and cooling 
rates up to 1 MK s-1. The short response time of the FSC in the order of 
milliseconds enables rapid changes from scanning to isothermal modes and 
vice versa. Additionally, FSC provides crystallization/melting curves of the 
sample just imaged by AFM. A combined AFM-FSC device is described, where 
the AFM sample holder is replaced by the FSC chip-sensor. The sample can 
be repeatedly annealed at pre-defined temperatures and times and the AFM 
images can be taken from exactly the same spot of the sample. 
Homogeneous crystal nucleation in polyamide 66 (PA 66) was studied by 
the AFM-FSC described above. PA 66 was subjected to Tammann’s two-stage 
crystal nuclei development method. With the number of crystals/nuclei detected 
by AFM imaging and by variation of the nucleation time, a value of the steady-
state nucleation rate equal to (2.3±0.2)×1018 m-3 s-1 at 310 K has been 
determined. Comparing the total enthalpy of melting crystals, obtained by FSC, 
with the number of crystals, observed by AFM, yields the specific enthalpy of 
melting/formation of one single crystal of (5.2±0.5)×10-13 J at the specific growth 
conditions applied. Application of this approach, that is, correlating transition 
enthalpies with nuclei numbers, for analysis of crystal nucleation in a wide 
range of temperatures between 310 and 375 K yielded a maximum nucleation 
rate close to 1019 m-3 s-1 at 350 K. The present thesis offers a qualitatively new 
approach of analysing the kinetics of homogeneous nucleation of polymers. In 
addition, it allows employing the specific AFM-FSC setup as a valuable tool for 




Ein Chip-basiertes Schnellscan-Kalorimeter (FSC) wird als schnelle 
Heißstufe in einem Atomkraftmikroskop (AFM) verwendet. Auf diese Weise wird 
die Morphologie von Materialien mit einer Auflösung von Mikro- bis Nanometern 
nach schnellen thermischen Behandlungen zugänglich. FSC kann die Probe 
isotherme oder mit Heiz- und Kühlraten bis zu 1 MK s-1 behandeln. Die kurze 
Reaktionszeit des FSC in der Größenordnung von Millisekunden ermöglicht 
schnelle Änderungen vom Scannen in isotherme Modi und umgekehrt. Darüber 
hinaus bietet FSC Kristallisations-/Schmelzkurven der Probe, die nur von AFM 
abgebildet wurde. Ein kombiniertes AFM-FSC-Gerät wird beschrieben, bei dem 
der AFM-Probenhalter durch den FSC-Chipsensor ersetzt wird. Die Probe kann 
wiederholt bei vordefinierten Temperaturen und Zeiten geglüht werden und die 
AFM-Bilder können genau an der gleichen Stelle der Probe aufgenommen 
werden. 
Die homogene Kristallkernung in Polyamid 66 (PA 66) wurde vom oben 
beschriebenen AFM-FSC studiert. PA 66 wurde Tammanns zweistufiger 
Kristallkernentwicklungsmethode unterzogen. Mit der Anzahl der durch AFM-
Bildgebung und durch Variation der Keimzeit nachgewiesenen Kristalle/Kerne 
wurde ein Wert der stationären Keimbildungsrate von (2,3±0,2) ×1018 m-3 s-1 
bei 310 K ermittelt. Vergleicht man die gesamte Enthalpie der Schmelzkristalle, 
die von FSC erhalten werden, mit der Anzahl der von AFM beobachteten 
Kristalle ergibt sich die spezifische Enthalpie des Schmelzens/Der Bildung 
eines einzigen Kristalls von (5,2±0,5) 10-13 J unter den angewandten 
spezifischen Wachstumsbedingungen. Die Anwendung dieses Ansatzes, d.h. 
die Korrelation von Übergangsenthalpies mit Kernzahlen, zur Analyse der 
Kristallkernbildung in einem weiten Temperaturbereich zwischen 310 und 375 
K ergab eine maximale Keimrate nahe 1019 m-3 s-1 bei 350 K. Die vorliegende 
These bietet einen qualitativ neuen Ansatz zur Analyse der Kinetik der 
homogenen Kernbildung von Polymeren. Darüber hinaus ermöglicht es den 
Einsatz des spezifischen AFM-FSC-Setups als wertvolles Werkzeug zur 
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Polymers can be found both in nature and in engineering applications. Due 
to the great variability of their chemical structure, this ranges from the 
reproduction of the genetic information in deoxyribonucleic acid (DNA) to simple 
applications of synthetic polymers such as plastic bags or car bumpers and 
many other more or less complex applications. In most cases, the functionality 
of polymers is based on self-organization. DNA, for example, forms a double 
helix and most of the engineering polymers have semicrystalline morphologies. 
Crystallization in polymers is a self-assembly process on the nanometer scale 
with tremendous consequences for the mechanical, optical, electrical and other 
properties. Polymer crystallization and the resulting semi-crystalline 
morphologies have therefore been the subject of extensive studies for many 
years [1]. In contrast to atoms or small molecules, polymers have long 
molecular chains, which do not allow the whole molecules to arrange into in a 
perfect three-dimensional crystal lattice, resulting in semi-crystalline materials. 
The formation of such semi-crystalline polymer morphologies usually follows 
the sequence of nucleation, growth and perfection [2-6]. Many experimental 
methods have been applied to study polymer crystallization, including 
calorimetry [7], microscopy [8], X-ray- [3, 4], electron-[9], neutron-diffraction [10], 
NMR [11] and so on. Different microscopes can be used to visualize the 
semicrystalline morphology on different length scales. Optical microscopy, 
particularly with polarized light (POM), is one of the techniques applied in 
crystallography for decades [12]. In combination, ex-situ or in-situ, with fast 
scanning calorimetry (FSC) it provides deep insights into crystal nucleation and 
growth even for fast-crystallizing materials [13-16]. Nevertheless, the size of the 
crystals or crystal superstructures like spherulites must be in the micrometer 
range to be visible. Electron microscopy, due to the much higher resolution, 
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provides an alternative to optical microscopy [17, 18]. Nowadays, high-
resolution transmission electron microscopy (HRTEM) allows imaging with 
atomic resolution. Often a focused ion beam (FIB) is employed for HRTEM 
sample preparation [19]. Structures generated by fast controlled cooling in FSC 
became accessible this way [20, 21]. The drawbacks of HRTEM, on the other 
side, are the enormous efforts required for sample preparation and possible 
sample damage by the electron beam [22], preventing its broad application to 
kinetic studies of organic materials. For time-resolved scanning electron 
microscopy (SEM) less demanding sample preparation is required [23]. A 
combination of FSC with SEM was reported by LaVan et al. for the in situ 
observation of phase transitions even in polymers [24]. Another microscopic 
technique with a molecular single-chain resolution for polymers is atomic force 
microscopy (AFM) [25, 26]. AFM is an imaging technique, usually not requiring 
sophisticated treatments of the sample surface. In combination with a hot stage, 
AFM can follow polymer crystallization on the lamellar scale in-situ [27-29]. The 
formation of spherulites [30, 31], recrystallization [32] and mesophase 
formation [33, 34] were also shown. 
Differential scanning calorimetry (DSC) is one of the most widely used and 
convenient tools for studying crystallization kinetics. DSC with precise 
temperature control has been used to treat samples for AFM studies [35]. The 
use of DSC for sample preparation has several advantages. DSC provides 
more flexible and faster temperature control than a hot-stage, enabling complex 
multi-step time-temperature experiments. Calorimetric data recorded during 
and after the heat treatment contain information about the morphology of the 
sample. Information about the non-crystalline part may be available from the 
glass transition, and the enthalpy and temperature of melting provide 
knowledge about the crystal fraction and crystal perfection, respectively. From 
cold crystallization on heating information about the presence of crystal nuclei 
3 
 
is accessible too [36]. However, the slow heating and cooling rates of DSC (< 
10 K s-1) limit its application, and particularly fast quenching and crystallization 
at deep undercooling of the melt is often not possible. Recent developments of 
fast scanning calorimetry (FSC) allow cooling the equilibrium melt of polymers 
at rates up to 1,000,000 K s-1 mainly achieved by a much decreased heat 
capacity of both the sample and the measuring system [37], which is opening 
interesting opportunities for a combination with AFM. Androsch et al. employed 
AFM ex-situ in combination with FSC for the investigation of polymer 
crystallization [33, 38-40]. After the thermal treatment of the sample, the sensor 
was taken out of the calorimeter and the membrane irreparably removed from 
the chip. The thin membrane with the sample was mounted on the AFM sample 
holder and the images were collected. As an intermittent step towards an in-
situ combination of FSC and AFM Van den Brande et al. [41] applied FSC and 
AFM to the crystallization of materials for organic electronics. In this research, 
similar to Androsch et al. [33], the sample was first treated by FSC to allow 
crystallization under particular conditions. Afterwards, the whole sensor was 
transferred to the AFM for imaging. Contrary to the sensors used by Androsch 
et al. the AFM images could be taken without destroying the chip sensor. 
Consequently, the same sample could be again thermally treated and imaged 
to illustrate the formed crystals [38, 41]. Finding back the same spot of the 
sample for imaging was difficult and therefore the growth of individual objects 
could not be followed. By an in-situ combination of AFM with FSC this limitation 
could be overcome. 
In this thesis, I will describe the realized in-situ combination of AFM with FSC. 
The aim of this combination is the collection of images from exactly the same 
spot of the sample either after different thermal treatments by FSC or directly 
during isothermal annealing of the sample. The chip calorimeter sensor is used 
as the sample holder for the AFM and it is connected to the FSC electronics 
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allowing fast heating and cooling as well as isothermal treatments of the sample. 
In other words, I will describe a fast AFM hot stage with millisecond time 
resolution and the ability to perform calorimetric measurements in the AFM. 
The combined AFM-FSC instrument is first employed to study polymer 
crystallization on different length scales. Images can be obtained from exactly 
the same spot of the sample, permitting e.g. following the progress of nucleation, 
crystallization, reorganization, or melting when freezing the structure by the 
fast-cooling option of the FSC. Finally, the homogeneous nucleation of crystals 
in polymers is investigated at a depth that has not been possible so far. To gain 
information about nuclei numbers, additional imaging of samples at the 
nanometer-length scale and counting of crystals is needed, which, however, is 
challenging since FSC still is required to subject the sample to the desired 
thermal profiles. A new approach of obtaining absolute numbers of 
homogeneous crystal nuclei from FSC data will be introduced, based on 
Tammann’s method and the combined AFM-FSC device. I estimated the 
enthalpy of formation of one single crystal, at the specific growth conditions 
applied, by correlating the number of crystals in the sample obtained by AFM 
with the calorimetrically observed enthalpy of crystallization/melting. With this 
knowledge, it is possible to convert any observed transition enthalpy associated 
with specific nucleation conditions into nuclei numbers/densities, with the 
boundary condition that growth conditions are unchanged. 
The thesis is structured as follows: In the next chapter, a short review of the 
state of the art regarding the theoretical description of polymer nucleation and 
crystallization and relevant investigations by novel experimental approaches is 
given. Chapter 3 is associated with some detailed information about the 
combination of AFM and FSC. This way, the morphology of materials with a 
resolution from micrometers to nanometers after fast thermal treatments 
becomes accessible. In chapter 4, some examples of application of the new 
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AFM-FSC combination to polymer crystallization, including spherulite growth 
rates, crystals morphologies, memory effects in melt-recrystallization and tip-
induced crystal nucleation are illustrated. Last but not the least, in chapter 5 the 
analysis and discussion towards my final task of a detailed study of 
homogenous nucleation of polymers is presented on the example of polyamide 
66 (PA 66).  
2 Literature review 
2.1 Some critical problems in studying homogeneous nucleation in 
polymers. 
The main difficulty in studying homogeneous nucleation of polymers is that 
the sample is hard to be quenched to deep supercooling without any 
crystallization during cooling. Heterogeneous nucleation usually happens at the 
surface of nucleation agents. The energy barrier for forming heterogeneous 
nuclei is significantly smaller than for homogeneous nucleation, which leads 
heterogeneous nucleation to be dominant at low supercooling. Therefore, 
polymer crystallization is commonly investigated at low supercooling of the melt, 
initiated by heterogeneous nuclei [42, 43].  
In addition, the sizes of nuclei are tiny and cannot be observed by most 
microscopes. A method to overcome this is Tammann’s two-stage nuclei 
development method, which includes nucleating the sample at one temperature 
and developing the nuclei to observable crystals at another higher temperature. 
By this method, the nucleation density can be estimated through the density of 
developed crystals, which gives a possibility of estimating nucleation kinetics. 
POM is a widely used microscopic technique for observing polymer crystals. 
The limitation in resolution only enables POM to observe well-developed µm-
sized spherulites [16]. This drawback limits the application of POM for the 
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estimation of high nucleation densities of semi-crystalline polymers. 
In addition, the morphology and properties of semi-crystalline polymers are 
widely controlled by the density of crystal nuclei formed in their liquid or glassy 
states. For this reason, understanding crystal nucleation is essential for both 
gaining comprehensive insights into polymer crystallization as well as for 
optimization of polymer processing. Crystal nucleation may occur through two 
qualitatively different pathways. In the first one, denoted as homogeneous 
nucleation, the nuclei directly develop in the bulk of the polymer by spontaneous 
rearrangement of molecule segments to form small ordered clusters. In the 
second one, called heterogeneous nucleation, heterogeneities like foreign 
surfaces, impurities, substrates, but also remnants of former crystals may act 
as nuclei for the crystallization process. Homogeneous nucleation, as a rule, 
requires high supercooling of the liquid, due to the high-energy barrier needed 
to obtain a nucleus of supercritical size at moderate undercooling. This 
activation energy for nucleation is decreased with decreasing temperature. 
Typically, homogeneous nucleation is most effective at temperatures close to 
the glass transition. At higher temperatures, homogeneous nucleation is often 
outpaced by heterogeneous nucleation due to the significant reduction of the 
nucleation barrier by mentioned above heterogeneous nucleation cores. This 
dominance of heterogeneous nucleation is reduced with decreasing 
temperature since the number of heterogeneous nucleation cores is as a rule 
small as compared with the number of places where homogeneous nucleation 
may take place. At lower temperatures, in the glassy state, nucleation 
constraints arise both for homogeneous and heterogeneous nucleation by the 
limited mobility of structural motifs required to form a nucleus. Analysis of crystal 
nucleation from a kinetic point-of-view includes measurements of the 
temperature-dependence of the crystallization rate, which yielded for many 
polymers a bimodal dependence, revealing temperature ranges of dominant 
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heterogeneous and homogeneous nucleation. As noted, the presence of 
heterogeneous nucleation cores leads to a decrease of the nucleation barrier, 
which has to be overcome in homogeneous nucleation. Consequently, the 
knowledge of the basic mechanism of homogeneous nucleation is also a 
prerequisite for understanding heterogeneous nucleation. For this reason, the 
understanding of the basic features of homogeneous nucleation is an essential 
ingredient also for the description of the more complex features of 
heterogeneous nucleation. Analysis of homogeneous crystal nucleation 
requires the absence of heterogeneous nucleation. This absence is achieved 
either by transferring the equilibrium liquid of interest into a state of high 
supercooling without prior crystallization at low supercooling initiated by 
heterogeneous nuclei, or by removing all heterogeneous nucleation sites in the 
sample. The latter is possible within droplet-experiments, that is, by subdividing 
the system into small compartments with a size smaller than the characteristic 
distance between heterogeneous nuclei. In that case, the transfer of the 
equilibrium melts to temperatures where homogeneous nucleation is effective 
is uncritical and analysis can even be realized by conventional DSC or hot stage 
microscopy, that is, at rather slow cooling. Since droplet-experiments may not 
fully suppress heterogeneous nucleation at substrates or the interface to the 
surrounding phase, analysis of homogeneous nucleation in bulk seems 
advantageous, however, requires sophisticated tools for bypassing the 
temperature-range where heterogeneous nuclei are active. Such tools include 
FSC which is employed in the present thesis. For most polymers, the high 
cooling rate by FSC permits suppressing heterogeneous nucleation and 
crystallization at high temperature, allowing studying homogeneous nucleation 
at high melt-supercooling and even in the crystal-free glassy state. 
FSC, when employing Tammann’s approach, allows evaluation of the 
kinetics of homogeneous nucleation as a function of temperature, however, the 
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determination of absolute nuclei numbers or densities is not possible without 
further assumptions. 
Furthermore, tip-induced nucleation and crystallization is a serious problem 
for applying AFM to study polymer crystallization. The working mechanism of 
AFM requires the tip to have weak interactions with the sample surface in order 
to record the surface morphology. These weak interactions may introduce 
nucleation and crystallization at the sample surface. Two different mechanisms 
have been proposed to explain this phenomenon. First, the tip may introduce 
weak stresses at the sample surface, which causes tiny ordered structures at 
the molecular level. Moreover, these tiny ordered structures further develop into 
active centers of nucleation. Second, the cold-tip would cause a local cooling 
at the hot sample surface, which increases the supercooling at the position of 
the tip. Investigating tip-induced nucleation and crystallization of polymers is 
another interesting field. 
2.2 Crystal nucleation, growth and perfection 
The general opinion about polymer crystallization assumes that polymer 
crystallization follows the sequence of nucleation, growth and perfection [3], as 
schematically shown in Figure 1. In Figure 1(A), a coil-like pattern represents a 
nucleus. Figure 1(B) is a lamellar leaf with a small number of lamellae. As 
illustrated in Figure 1(B) – (D), the lamellar leaf becomes more branched and 




        (A)      (B)       (C)          (D)              (E)  
Figure 1 Schematic of polymer crystallization from a stable nucleus to a 
spherulite. The patterns with the order from left to right are the 
nucleus (A), lamellar leaf (B), branched lamellar leaf (C-D) and 
spherulite (E), respectively. 
Primary nucleation has been thought of as the first step of crystallization, 
influencing the morphology and physical properties of semi-crystalline polymers 
by controlling the density of crystals [1]. The understanding of nucleation is 
therefore important for tailoring the properties of semi-crystalline polymers. 
Several theories on crystal nucleation exist. A very general one is the classical 
nucleation theory (CNT) proposed by Gibbs [44, 45]. This theory initially 
describes the thermodynamics of inhomogeneous systems, which is composed 
of two homogeneous phases with zero-thickness at the edge [46]. When this 
theory is applied to crystallization, the two homogeneous phases correspond to 
the amorphous and the crystalline phases, respectively.  
Homogeneous nucleation generally begins with a non-steady state and 
gradually develops to a steady state. As described by CNT, the time required 
for developing the steady state nucleation is the time-lag τ. Only nuclei 
exceeding the critical size, can further grow to crystals. According to CNT, τ can 
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Because the nucleation rate at non-steady state conditions are unpredicted, 
only nucleation rates at steady state, I(t), have a well-defined time-dependence, 
which can be quantitatively measured and estimated. According CNT, I(t) can 
be expressed as follows: 









The number volume density of nuclei, Nv(t), can be obtained through 



















Eq.(3) can be simplified if t >> τ, as 





For calorimetric studies, τ is hard to be directly determined through 





where tonset can be assessed through linear fitting, being the onset time in the 
experimental curve of the nuclei density versus the annealing time. The 















However, CNT is based on the assumption that there is zero-thickness in 
the phase edge between crystalline and amorphous phases. The CNT 
described above is suitable for describing both, homogeneous and 
heterogeneous nucleation. 
Figure 2 shows schematically the growth of crystals at low supercooling [49]. 
In the beginning, small spherulites gradually become bigger and with increasing 
annealing time more crystals can be observed due to ongoing nucleation. After 
a certain time, crystals will touch each other (impingement) and the 
crystallization rate will slow down. Finally, a space filling morphology is formed. 
 
Figure 2 Schematic of the growth of polymer spherulites. The plots from left 
to right are the morphology with increasing annealing time. 
However, recent experiments demonstrated that polymers formed a non-
spherulitic morphology at deep supercooling [50]. Figure 3 is the morphology 
of isotactic polypropylene (iPP) after rapidly cooling down from the melt. The 
left, middle and right images were mapped by different advanced microscopic 
techniques. The morphology of the iPP is particle-like rather than spherulitic. 
The density of these particle-like crystals is high. Also, as shown in the images, 
the growth of these crystals seems to be independent on each other [51]. The 




Figure 3 Transmission electron microscopy images (left [53] and center [54]) 
and an atomic force microscopy image (right [55]) of rapidly cooled 
films of isotactic polypropylene. The scale bar holds for all three 
images. (The images from left to right are reproduced with 
permission from John Wiley and Sons, Elsevier and Springer Nature, 
respectively) 
2.3 Tip-induced nucleation and crystallization 
Tip-induced nucleation has been frequently reported in AFM studies of 
polymer crystallization [27, 28, 30, 56]. Hobbs et al.[27, 28] observed a triangle 
pattern, always located at one end of the lamellae in AFM images. The triangle 
pattern was caused by the tapping of the AFM tip. Therefore, they proposed 
that lamellae begin to grow at the place where the AFM tip first contacted the 
surface. So, the primary nuclei may be formed by the AFM tip.  
At the sample surface, polymers are able to form three-dimensional quasi-
single crystals at temperatures near the melting temperature, that is at very low 
supercooling [57]. The single crystals pile up and form stack-like crystals. The 
growth of these stack-like crystals follows a screw shape, which refers to the 
dislocations growth introduced by Frank [58]. The lamellae tends to be “flat-on” 
rather than “edge-on” in this situation [59]. This phenomenon offers a possibility 
to study the nucleation mechanism from AFM tip tapping through the 
morphology of crystals at the surface. For heterogeneous nucleation, the 
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crystals should grow as double-spiral structures, see Figure 4 (A) [5, 60, 61], 
as the growth only develops in particular directions [5]. For homogeneous 
nucleation, the crystals can develop to pillar structures with multiple layers, 
because the possibility of growth should be the same in all directions [57], see 
Figure 4 (B). 
    
(A)                         (B) 
Figure 4 A: Chain-folded crystal in iPP crystallized from the melt. Double 
spiral growth is of the same type as commonly found in solution-
crystallized polymers. Lamellae are about 15nm thick. Polymer chain 
axes are perpendicular to the plane of the paper [5]. (Reproduced 
with permission from American Institute of Physics) B: AFM 
topographic image showing a stack of lamellar crystals for the 
section indicated by the red box in the panel. [57] (Reproduced with 
permission from American Chemical Society) 




2.4 Calorimetry for studying crystallization and nucleation of 
polymers 
Calorimetry has been applied to study polymer crystallization by tracing 
exothermic and endothermic effects during crystallization and melting, 
respectively [7]. The early work about studying homogeneous nucleation 
through differential scanning calorimetry (DSC) can be traced by Angell and 
Oguni with water [62]. At a later moment, Angell applied Tammann’s two-stage 
crystallization method to DSC measurements in aqueous LiCl solutions [63] and 
Ca(NO3)2-KNO3 [64]. This work shows that DSC is a powerful tool to trace 
homogenous nucleation if the crystallization rate is low.  
Even polymers, due to the chain structure, are always forming semi-
crystalline morphologies, are often crystallizing quite fast. Therefore, traditional 
DSCs are still too slow and cannot quench most of the polymers into a fully 
amorphous state. Hence, DSC can often not be applied to characterize 
homogenous nucleation kinetics of polymers. Only for slow crystallizing 
polymers like poly(L-lactide acid) (PLLA) DSC allows for systematic studies [36]. 
The fast heating and cooling ability of FSC offers a possibility to study 
homogeneous nucleation kinetics of polymers by calorimetry. In FSC, heater 
and thermopile are integrated into a few tens’ micrometer square area on a 
chip-sensor. The sample mass for FSC is only a few nanograms. Therefore, the 
heat capacity from background and sample can be largely reduced. FSC can 
go up to scanning rates of 1,000,000 K s-1 for polymer samples [65].  
FSC can easily quench most polymers to any isothermal temperature at such 
fast cooling rates that crystallization is prevented. Then the isothermal 
crystallization kinetics at crystallization temperatures between glass transition 
temperature (Tg) and equilibrium melting temperature (Tm,0) can be measured 
[50, 66-68]. Figure 5 is an example that the isothermal crystallization kinetics of 
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poly (-caprolactone) (PCL) can be obtained at a wide crystallization 
temperature range from 15 K below Tg to near Tm,0 [69].  
 
Figure 5 Nucleation and crystallization kinetics of PCL at different annealing 
temperatures between 180 K and 325 K. [70] (Reproduced with 
permission from Elsevier). 
The characterization of nucleation kinetics by FSC can be carried through 
two ways; (i) analyzing the enthalpy of cold-crystallization peaks in reheating 
curves [66, 70, 71]; (ii) using Tammann’s two-stage crystallization method [72, 
73]. These two methods are illustrated in Figure 6 (A) and (B), respectively. In 
Figure 6 (A), PCL has been directly quenched to the nucleation temperature 
from the melt; and the sample has been heated up to the melt after isothermal 
annealing [70]. In this way, the nuclei formed during isothermal annealing can 
growth to crystals at reheating, so the enthalpy of the cold-crystallization peak 
represents the number of nuclei formed during isothermal annealing. In Figure 
6 (B), PLLA was nucleated at 333 K and a growth stage at 393 K was added 
following Tammann’s two stage method [74]. If the growth stage kept the same, 
the changes in final melting enthalpy correspond to the number of nuclei at the 




(A)                                 (B) 
Figure 6 (A): PCL annealed at 205 K for various times from 0.1 ms to 8 hours. 
[70] (B): Application of Tammann’s two-stage method to PLLA  [74]. 
(Reproduced with permission from Elsevier and American Chemical 
Society, respectively) 
2.5 Mapping polymer nucleation and crystallization. 
In-situ AFM can illustrate polymer crystallization in a visual way. Chan’s 
group [31, 75, 76] used a slow AFM to trace polymer crystallization from the 
nucleation stage up to final spherulites. To obtain in-situ data, Chan et al. used 
a specially synthesized polymer poly (bisphenol A-co-octane) (BA-C8) as the 
sample. The crystallization rate of this polymer at ambient temperature is so 
slow that even a slow AFM still can map its crystallization. Meanwhile, Hobbs 
et al. took another way to in-situ study polymer crystallization by AFM [27, 77-
79]. They used an AFM with a fast scanner and each AFM image can be 
recorded in a few seconds; hence, polymer crystallization can be traced by this 
fast AFM [27, 30]. 
Figure 7 shows the earliest evidence of nucleation in polymer samples by 
Chan’s group [80]. In figure (A), an embryo is observed in the bottom left; while 
10 min after, in figure (B), the embryo in the bottom left disappeared and a new 
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embryo appeared in the top right. This result well agrees with the description of 
CNT about the non-steady nucleation state. 
 
(A)                              (B) 
Figure 7 Phase images obtained on a BA-C8 film at room temperature. (A) 
An embryo; (B) the embryo in (A) disappeared and a new embryo 
appeared at a different location [31]. (Reproduced with permission 
from American Chemical Society) 
Besides, Chan’s group also studied the growth behavior of the same sample, 
BA-C8, as above. Figure 8 shows the growth of the BA-C8 copolymer crystals 
from an embryo to lamellae [75]. The embryo growth in front direction as well 
as is branching, which yielded a lamella leaf finally. The series of AFM studies 
by Chan’s group offered important experimental evidence of polymer nucleation 
and growth; however, the unique property in the crystallization rate of BA-C8 





Figure 8 A series of AFM phase images obtained on a BA-C8 film at room 
temperature. From top left to bottom right, an embryo developed to 
the lamella, as shown in the images at the first two lines; branching 
and splaying apart of the subsidiary lamellae, as shown in the 
images at last line [31]. (Reproduced with permission from American 
Chemical Society) 
By using an AFM with the fast scanner, Hobbs’s group performed a real-time 
study on the lamellar growth of polyethylene (PE) through an in-situ AFM [30]. 
Even the result was similar to what Chan’s group did; the fast AFM scanner 
enables to measure more polymer samples without limitations by their 
crystallization rates. Figure 9 shows that the PE sample formed a lamellar sheaf 




Figure 9 Crystallization of PE from lamellar sheaf to spherulite performed by 
a real-time in situ AFM through a quiescent melt method [27]. The 
first four images of them were taken at 406 K. The last two images 
of them were taken at 401 K and 399 K, respectively. Dark and 
brilliant color represents a change in phase of 50 deg and the scale 
bar represents 1 μm. (Reproduced with permission from Springer 
Nature) 
Meanwhile, the in-situ AFM equipped with a fast scanner is also a good tool 
to measure the spherulites growth rate, as shown in Figure 10 [30]. The edge 
of the spherulite can be easily recognized by AFM, and then the growth rate of 




Figure 10 Real time AFM images partially showing a growing spherulite at 
ambient temperature [30]. The left-hand images are height images 
and right-hand images are phase images. Each time, AFM images 
were collected with 170 s intervals. Scale bar in the first image 
represented 500 nm. (Reproduced with permission from Elsevier) 
Another important result by Hobbs’s group was that they used this in-situ 
AFM to trace the crystallization of polymers at the early stage. Because the high 
temperature is not good for nucleation, Hobbs’s group applied a stage-cooling 
method to cool a purified iPP sample from 313 K to 288 K at 5 K min-1, as shown 
in Figure 11 [78]. Figure 11 (b) illustrates a particle-like crystal, corresponding 




Figure 11 Real-time AFM phase images showing the crystallization of an iPP 
droplet during cooling [78]. Black to white represents a change in the 
phase of 50°. The scale bar represents 500 nm. (a) Taken at 313 K, 
(b) 308 K, (c) 307 K, (d) 296 K, (e) 288 K. (Reproduced with 
permission from American Chemical Society) 
Androsch’s group did a series of works on combining POM and AFM 
microscopy with fast temperature changes for studying polymer crystallization 
[55, 81]. By combining FSC with POM and AFM, the influence of crystallization 
temperature on morphology can be illustrated [33, 40, 52, 82, 83]. Figure 12 (A) 
shows the morphology of polyamide 11 (PA 11) that was quenched to 298 K 
from the melt and then reheated to 493 K at the rate of 5 K min-1. By this method, 
crystallization happens at deep supercooling and homogeneous nucleation 
dominates. Homogeneous nucleation can overcome the limited number of 
active surfaces, which represent heterogeneous nucleation sites. 
Homogeneous nucleation leads to the expected high density of crystals. 
Meanwhile, the viscosity of the system increases as the temperature decreases, 
which yields metastable crystals rather than well-organized spherulites. Such 
small size, metastable crystals usually cannot be observed by POM. Figure 12 
(B) shows the morphology of PA 11 crystallized on slow cooling the quiescent 
melt at a rate of 1 K min−1. Well-organized spherulites can be observed, 




A)                                    (B) 
Figure 12 POM images of PA 11 crystallized on heating an initially quenched 
sample (left) or on slow cooling at 1 K min−1 (right) [40]. (Reproduced 
with permission from American Chemical Society) 
AFM, having a better resolution than POM, was applied in combination with 
FSC. As shown in Figure 13 (A), the metastable crystals of PA11 could be 
observed. These metastable crystals show a particle-like pattern, and they 
seem to grow independently and form a space filling morphology. The size of 
metastable crystals was about 10 nm and the number were much higher than 
the number of spherulites in the same area. These metastable and small 
crystals are named nodules. This result well agrees with the expected effect of 
homogeneous nucleation on crystal morphology. Figure 13 (B) shows the 
lamellae crystals of PA 11, which were formed during slow cooling the melt at 
the rate of 10 K min-1. The image shows edge-on viewed lamellae with a 
thickness of about 10−20 nm. Another example for this behavior is PA 66 




(A)                           (B) 
Figure 13 AFM phase-mode images of PA 11 crystallized on heating and 
annealing an initially quenched sample at 433 K (left) or on slow 
cooling at 10 K min−1 (right) [40]. (Reproduced with permission from 
American Chemical Society) 
 
Figure 14 AFM phase-mode images of PA 66 crystallized on heating and 
annealing an initially quenched sample at about 473 K (left) at about 
343 K (right) [38]. (Reproduced with permission from Elsevier) 
These examples were used as starting points for the test of the combined 





3 Experimental Methods 
3.1 Materials 
The details of the polymer samples are listed in Table 1. Materials are used 
as received without further treatments, if not stated otherwise. 
 





Mw/Mn Type Supplier 
PBT Mw=558,600 2.25  Toray Industry, Inc, 
Japan 






PCL Mw=20,000 1.73  Sigma-Aldrich, 
USA 
PLLA Mw=117000 1.8  Sulzer Chemtec 
Ltd., Switzerland 
Mw: weight-average molar mass 
Mn: number-average molar mass 
3.2 Estimating crystallinity from FSC data 
For quantification of crystallinity of the sample, the sample mass was 
determined from the measured heat capacity step height at the glass transition 
temperature of the fully amorphous sample and the known step height in the 











Where m is sample mass, β is heating rate, ΔCp is apparent heat capacity from 
experiment, Δ cp is specific heat capacity at glass transition and ΔФ is 
measured heat flow step at the glass transition of the fully amorphous sample. 
Crystallinity (X) was determined as the ratio between the measured heat of 





where Δh is heat of fusion of the 100% crystalline material, which is availble 
from the ATHAS data bank. 
 
3.3 Combined AFM - FSC device 
The experimental challenge for my thesis work was the construction, testing 
and application of a combined AFM-FSC device, not reported before. This 
combined device was foreseen for detailed studies of polymer crystallization. 
The development of the combined device was guided by my final task of 
studying homogeneous crystal nucleation kinetics.  
The AFM is a Level AFM from Anfatec, Germany, which can work in two 
modes [85]. It includes contact mode and non-contact mode. To avoid 
unwanted cantilever-tip induced crystallization, non-contact mode has been 
applied here. Simultaneously recorded was topology from height, phase-angle 
and amplitude of tapping. AFM probes used are standard silica cantilevers, and 
the parameters are listed in Table 2. 
The sample holder of the AFM on top of the scanner tube was replaced by a 
socket for the TO5 housing of the FSC chip. Chips from Xensor Integration, 
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Netherlands, [86, 87] mounted on a TO5 housing allow direct access of the 
sample by the AFM probe, as shown in Figure 15 (A). AFM probe scanning on 
the sample on the chip-sensor is shown in Figure 15 (B). A second empty 
calorimeter chip, the reference sensor, is placed next to the AFM inside a 
temperature-controlled box. Both chip sensors are connected to the FSC 
electronics as described elsewhere [88, 89].  














NSC 14 μmasch, 
USA 
110 - 220 8 5 Aluminum [90] 
Scout 70 Nunano, 
UK 
70 5 2 Gold [91] 
 
 
(A)                                     (B) 
Figure 15 (A): Photograph of mounting FSC sensor on the AFM scanner. (B): 
AFM probe approaching the sample on the sensor. 
27 
 
For the unperturbed operation of the FSC as well as the AFM the 
open/uncovered sensor in the combined device needs to be decoupled from 
uncontrolled environmental influences like temperature oscillations, airflow or 
sound waves. A protecting box made by 5 mm acryl glass sheets was placed 
over the AFM and thermally isolated by 30 mm foamed polystyrene, as shown 
in Figure 16. The temperature inside the box was reduced to 278 K by a cold 
finger of a mechanical refrigerator, FT 100, Julabo, Germany. Nitrogen purge 
was used to ensure dry conditions. The construction allowed mechanical 
stabilization of the chip sensor and the sample for good quality AFM imaging. 
At the same time, FSC experiments can be performed without changing the 
position of the sample. The reduced temperature inside the protecting box 
slightly extended the range of materials for investigation and the cooling 
performance of the FSC. 
 
Figure 16 Schematic diagram of the cooling box of AFM-FSC. 
3.4 Sample preparation and AFM adjustment 
Before mounting the chip sensor in the AFM, the sample was placed on the 
calorimeter chip sensor under an optical microscope, as described elsewhere 
[37]. After mounting the sensor in the AFM, polymers were heated several times 
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to above the melting temperature until a stable shape of the sample was 
reached. A first AFM image of the whole sample was then collected in a non-
contact mode in 278 K. Rather flat surface areas near the center of the drop-
like sample for more detailed studies were identified from this image, see Figure 
17 (B). 
The sample on the chip-sensor is generally close to a spherical cup, as 
shown in Figure 17 (A) and (B). The probe was placed next to the center of the 
sample, which is available from the optical micrograph, see Figure 17 (A). Due 
to the limit in the maximum scanning range of 2 µm for the Z-scanner (with Z 
being the vertical direction), the whole image of the sample of height ca. 10 µm 
was not available. Close to the sample edge, the scanner lost the signal and 
imaging was not possible in the area labeled d3 in Figure 17 (B). In order to 
increase the accessible area, the reference amplitude was set at a place 
outside the center by d1. The corresponding AFM images and more details on 











Figure 17 (A) Optical microscopy image of a poly (ether ether ketone) (PEEK) 
sample on the chip-sensor. (B) Schematics of setting the reference 
amplitude of the cantilever for the AFM measurement. (C) and (D) 
AFM images of PA 66 to show the increase of accessible area. AFM 
image of the sample using the sample center to set the reference 
amplitude. (E) and (F) AFM image of the sample using the optimal 
place to set the reference amplitude. 




4.1 Influence of tip induced nucleation and crystallization 
4.1.1 In-situ imaging during crystallization of PCL 
As the first example, we present images in situ collected during expected 
slow crystallization of PCL at low undercooling. Even the anticipated results 
were not obtained, we present this example to highlight the problems of in situ 
AFM during crystallization and, next, to show how fast scanning calorimetry in 
combination with AFM can overcome these limitations elegantly and 
advantageously. The PCL sample was thermally treated according to Figure 18 
(A). It was heated above the melting temperature at 450 K firstly and then 
quenched to 325 K. According to Zhuravlev et al. [66], a half-time of 
crystallization (t1/2) of 105 s is expected for crystallization at 325 K. With about 
2000 s needed to capture the AFM image, it should be possible to collect about 















































Figure 18 Time-temperature program for studying isothermal crystallization by 
AFM-FSC combination. (A) – taking AFM images during slow 
crystallization at a temperature either close to Tm,0. Or (B) – time-
resolved imaging, using ultra-fast cooling and heating ability of FSC. 
In both cases, the final FSC heating scan after crystallization is taken 
at 10,000 K s-1 starting at ambient temperature. 
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Figure 19 shows AFM images collected at 325 K between 1000 s and 3000 
s (A and B) and between 3000 s and 5000 s (C and D) after quenching from 
the melt. Unexpectedly, the images are almost identical. A spherulitic structure 
can be seen already in Figure 19 (A) and (B), but no additional structures are 
formed even during further annealing for half an hour ((C) and (D)), suggesting 
that the whole process of crystallization almost completed after 3000s. However, 
this result is significantly different from the crystallization kinetics of PCL 
reported by Zhuravlev et al. [66]. Fortunately, the combined AFM-FSC device 
offers a possibility to identify the reason for this discrepancy. According to the 
temperature-time profile of Figure 18 (A), the FSC heating scan has been 
recorded after taking the AFM images of Figure 19 (B). 
In accordance with the AFM images, a dramatic crystallinity developed within 
the total time of 5000 s at 325 K. A melting peak of 0.66 µJ is seen in curve (A) 
of Figure 20. Removing the AFM probe and annealing the PCL at 325 K for the 
same time does not result in a measurable melting peak, curve (C) in Figure 
20. A comparable melting peak of 0.76 µJ is only observed after annealing for 
100,000 s at 325 K with the AFM probe far away from the sample surface, curve 
(B) in Figure 20. The roughly similar peak positions (Tm,onset ca. 337 K; Tm,peak 
ca. 353 K) indicate comparable lamellae thicknesses for the crystals grown at 
325 K, independent of the nucleation pathway. In order to determine the mass, 
the sample was tested by FSC with a liquid nitrogen cooling system. The glass 
transition step of the fully amorphous sample yields the sample mass of ca. 14 
ng. Crystallinity estimated by equation (2) was ca. 30% and 35% for the curve 
(A) and curve (B), respectively. Here we used specific heat of fusion of fully 
crystalline material from the ATHAS databank: Δh = 156.8 J g-1. Nucleation 
kinetics dominates the crystallization kinetics at the low undercooling of about 








Figure 19 AFM images of PCL annealed at 325 K. The left column shows 
topology and the right column amplitude images. Images (A) and (B) 
are collected between 1000 and 3000 s and images (C) and (D) 
between 3000 and 5000 s after the quench. 
A star marks the position of the nucleus of the growing spherulite in Figure 
19. This position is the place where the AFM tip initially approaches the sample 
surface before imaging starts in horizontal lines from the top of the images. The 
approach of the AFM tip to the surface takes about 1,000 s. During this time, a 
nucleus is formed, even if the AFM tip does not touch the sample surface. The 
reason for this localized nucleation is not yet known. At least two possible 
effects must be considered. On the one hand, the AFM tip locally cools the 
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sample surface and may enhance the formation of a nucleus just at the place 
of lowest temperature. On the other hand, the tip interacts through Van der 
Waals forces with the sample, which is of the order of 10−12 N for a distance of 
5 to 10 nm between the AFM tip and the sample. AFM-tip-induced nucleation is 
a known phenomenon and discussed in several publications, e.g. [92]. 


















AFM probe near sample
AFM probe away from sample
0.2 mW
Heating rate = 10,000 K s-1
5,000 sH = 0.76 J





Figure 20 FSC heating scans of PCL after annealing at 325 K under different 
conditions regarding the placement of the AFM probe. Curve (A) – 
After collecting the images of Figure 19 (5000 s at 325 K, AFM in 
non-contact mode, about 5 – 10 nm distance to the sample). Curve 
(C) – Same annealing time at 325 K as in the case of Curve (A) but 
with the AFM probe about 100 μm away from the sample. Curve (B) 
– AFM probe far away from the sample and annealing time at 325 K 
increased to 100,000 s. 
The fact is that interaction between AFM tip and sample is very weak, but it 
still influences on the crystallization behavior of polymers, which makes an in-
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situ investigation of isothermal polymer crystallization at the crystallization 
temperature difficult. Before further improving the experiment method, a key 
point here is how the tip introduces the nuclei at the surface of the sample. In 
the following chapter, the mechanism of tip-induced nucleation will be studied 
through analyzing the three-dimensional quasi-single crystals of PCL grown 
after tip-induced nucleation. 
4.1.2 Tip induced nucleation and crystallization 
The temperature-time program follows Figure 18 (A). The PCL sample was 
melted at 400 K for about 0.01 s at first and quenched to 330 K. Then, AFM 
images were collected during isothermal annealing at the quenching 
temperature. After annealing at 330 K for 70 min, the sample was cooled to 278 
K and reheated to 400 K at the rate of 10,000 K s-1. Then the progress of 
crystallization can be evaluated from the reheating curve. To introduce nuclei 
by AFM, the following approach was applied, which contains four steps: 1) The 
tip approaches the sample at a location near the center in non-contact mode. 
The sample is hold at 330 K. After that, the tip is moved 30 μm away from the 
sample. 2) The temperature-time program of Figure 18 (A) is started and the tip 
approached the sample, which is hold at 330 K, again and introduces a nucleus 
through an instant contact. 3) The tip detaches the sample again and the 
resonance frequency is adjusted. 4) The tip moved back to the sample surface 
and scans continuously. The time of the AFM tip needed to approach the 
sample surface was about 19 min, and each AFM image required 20 min to 
record. The AFM image consists of 512*512 pixels. 
The tip-induced nucleation can happen along two different paths. The first 
one is that some weak stresses generated when the tip is tapping the sample 
surface. These stresses can introduce some tiny ordered structures and yield 
some kind of heterogeneous nucleation. Another one is that the temperature 
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near the tip is lower compared to the undisturbed parts of the sample surface, 
which will result in a deeper supercooling at the places of tapping. The deeper 
supercooling will enhance homogeneous nucleation. 
As shown in the AFM topology image of Figure 21 (A), a bar pattern is 
observed in the center, indicating the interaction between tip and sample. To 
estimate the maximum value of stress, which the tip can produce at the contact 
place on the sample, Hooke's law is applied 
𝐹𝑡𝑖𝑝 = 𝐴𝑐𝑎𝑛𝑡 ∗ 𝐾           (9) 
where Acant is the maximum amplitude of free cantilever, 8.8 nm and K is the 
spring-constant. Then Ftip is determined as 4.4 * 30.8*10-9 N. According to Zhu 
et al. [93], this small value caused by soft tapping cannot induce heterogeneous 
nuclei in polymers. Therefore, the mechanism of the tip-induced nucleation and 
crystallization should be due to homogeneous nucleation caused by local 
cooling.  
The growth of crystals through the active centers of homogeneous and 
heterogeneous nuclei follow different ways, which will yield different 
morphologies during growth [76]. This difference will be apparent in the 
corresponding single crystal structure. Geil reported a double spiral growth in a 
single crystal of polypropylene [5]. The double spiral growth indicates that the 
nuclei more likely grow in one diagonal than another, which corresponds to 
heterogeneous nucleation [61, 94], see Figure 21 (B), left. Contrary, the active 
centers of homogeneous nuclei should have the same possibility of growth in 
all directions. This will lead to a round-like single crystal [95], see Figure 21 (B), 
right. 
Reiter’s group reported a three-dimensional quasi-single crystal formed at 
the sample surface for temperatures near melting [57, 95, 96]. According to the 
description of differences in homogeneous and heterogeneous nucleation 
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above, the scheme adopted to quasi-single crystals is shown in Figure 21 (B). 
In Figure 21 (C), the AFM phase image for PCL annealed at 330 K for about 70 
min is shown. Stack-like crystals are observed. These crystals can be thought 
as the piling up of single crystals [57]. By further zoom-in the square area with 
4×4 μm2, a round-like pattern can be observed in Figure 21 (D). Round-like 
rather than double spiral crystal in the single layer of the stack-like crystals has 
been observed, suggesting that the tip induced nucleation is homogeneous. 
 
Figure 21 (A) AFM topology image after annealing 30 min at 330 K. (B) 
Scheme of heterogeneous and homogeneous nucleation in flat-on 
lamellae [61, 94, 95]. (C) and (D) are the AFM amplitude and zoom-
in images after annealing 70 min at 330 K. Zoom in area is marked 
as the square in figure (C). 
Fortunately, the AFM combination with the FSC allows for well-defined 
interruption of the crystallization process and collecting images at low 
temperatures where crystallization does not proceed, see Figure 18 (B). This 





4.1.3 Linear Growth Rate of PEEK Spherulites 
PEEK is an intermediately fast crystallizing polymer. But the behavior goes 
too fast to allow in-situ AFM imaging during crystallization at temperatures near 
the maximum of the crystallization rate at about 500 K. Nevertheless, the 
interrupted crystallization, as illustrated in Figure 18 (B), allows for a detailed 
investigation of spherulitic growth on length scales below that accessible by 
POM. The PEEK sample was cooled from 680 to 564 K at 100,000 K s-1 and 
then annealed for 0.01 s at this temperature. Afterward, it was cooled down to 
300 K at 100,000 K s-1 to take the AFM image. The 300 K is significantly below 
Tg of about 430 K, avoiding any crystallization during the collection of the AFM 
image. After taking the AFM image, the sample was heated back to 564 K at 
100,000 K s-1 and crystallization was allowed to continue for another 0.09 s. 
The next AFM image was again taken after quenching at 300 K. Consequently, 
the total annealing time before the collection of the second image was 0.1 s. 
This way, AFM images of the PEEK sample were taken after cumulative 
annealing times of 0.01, 0.1, 1, 2, 4 and 10 s. Finally, after all AFM images 
collected, the sample was heated to 680 K and the melting curve was recorded, 
as shown in Figure 22 curve (B). The curve (A) of Figure 22 shows the heating 
scan after quenching the melt to 300 K, verifying the amorphous state of the 
sample. For this sample, Tg was about 427 K. Sample mass was around 39 ng, 
determined from Eq.(7), using the measured heat capacity step at the glass 
transition ΔCp (Tg = 427 K) = 10 nJ K-1. Crystallinity from curves (B) and (C) 
were ca. 9%. The values taken from the ATHAS databank were: Δh = 130 J g-
1 and Δcp = 0.254 J g-1 K-1. 
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Figure 22 FSC heating curves of PEEK recorded using a rate of 5,000 K s-1. 
(A) – after quenching the melt to 300 K, (B) – after interrupting 
annealing at 564 K for a total time of 10 s and (C) – after annealing 
at 564 K for 10 s without interruptions, according to the temperature-
time program in Figure 18 (B) and (A), respectively. 
Figure 23 is the AFM images collected at 300 K, after annealing for different 
annealing time at 564 K, as described above. After one second annealing, the 
first spherulites show up. With increasing annealing time, the size of the 
spherulites is increased, and the spherulites are nearly space-filling after 10 s 
annealing at 564 K. Since crystallinity from the curves in Figure 22 are below 
10%, space is filled only at the surface but not in bulk. The AFM-FSC combined 
device allows following the growth of one and the same spherulite as illustrated 
with the images of Figure 23. Even the sample is quickly heated and cooled to 
and from the annealing temperature, the images always have the same spot. 
The high reproducibility of the position of the AFM tip allows measuring the size 
of the spherulites as a function of annealing time. The white lines in Figure 23 
correspond to the distance between the center and the edge of the investigated 
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spherulite. This way the spherulite radius as a function of time was determined 









Figure 23 AFM amplitude images showing an area of 8*8 μm2. PEEK annealed 
at 564 K for 0.01 s (A), 0.1 s (B), 1 s (C), 2 s (D), 4 s (E) and 10 s 
(F). The reason for the slight asymmetry of the growth rate in the 
direction of the blue line and perpendicular to it, images (D) and (E), 
is not yet known and was not investigated. 
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Figure 24 (A): Spherulite radius vs. annealing time for PEEK at a sensor 
temperature of 564 K by AFM-FSC. (B): Spherulite growth rates of 




The slope of the data in Figure 24 (A) yields a linear growth rate of 0.75 µm 
s-1 at a sensor temperature of 564 K. The observed linear growth rate is much 
higher than the POM data reported by Marand et al. [97], as shown in Figure 
24 (B). There are several possible explanations: (i) The speed of crystal growth 
at the surface is faster than that of the bulk due to enhanced surface mobility 
[98]. (ii) The surface of the sample on the FSC chip is colder than the membrane, 
where the temperature is measured [88]. To prove if (ii) could explain the 
discrepancy, in addition to the membrane temperature the surface temperature 
of the FSC sample was measured. A possible temperature gradient 
perpendicular to the sensor membrane is caused by a heat flow from the heated 
membrane to the cold gas in the surrounding [68, 88, 99]. To measure the real 
temperature on the top of the sample, one tin particle was placed on the sensor 
membrane beside the sample and a second one on top of the sample, and the 
sample was heated and cooled at various rates spanning from 1000 to 10,000 
K s-1, Figure 25 (A). The extrapolated peak onset temperatures are plotted 
versus the heating rate in Figure 25 (B). 
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Figure 25 (A): FSC heating scans of a tin particle placed on top of the PEEK 
sample, yielding the high temperature melting peak, and a tin particle 
placed beside the sample directly on the sensor membrane, yielding 
the low temperature melting peak. (B): Melting peak onset 
temperatures against scanning rate. Tin sample on the sensor (red 
dots) and tin sample on top of the PEEK sample (black squares). 
The extrapolation to zero heating rate of the melting peak onset temperature 
[100] provides apparent melting temperatures of 505 and 523 K, corresponding 
to the tin sample on the membrane and top of the PEEK sample, respectively. 
This evidence indicates that there is an 18 K temperature gradient between the 
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sample top and sample bottom at tin melting temperature. In this case, since 
spherulites at the top of the sample are investigated, the crystallization 
temperature in this study is 546 K, when assuming a linear temperature-
dependence of the offset. Considering the surface temperature as 546 K, the 
spherulite growth rate is in agreement with the POM data reported by Marand 
et al. [97], see Figure 24 (B). Compared to classical POM spherulite growth rate 
analyses, AFM has an advantage for following spherulite growth at earlier 
stages, when the structure is too small for POM imaging. Furthermore, the FSC 
curves after a total annealing time of 10 s were also recorded and are shown in 
Figure 22. If necessary, heating scans can be recorded after shorter annealing 
times, but the experiment must to be again conducted from the very beginning 
if the final stage is of interest too. 
4.2 Melt-recrystallization of PLLA 
As discussed in the previous section, the tip-induced nucleation and 
crystallization can be avoided through the method described by the 
temperature-time profile in Figure 18 (B). In this section, the in situ AFM-FSC is 
applied to study the melt-recrystallization behavior of PLLA. Because melt-
recrystallization strongly depends on the nucleation density, this study can 
further check whether tip-induced nucleation and crystallization is avoided or 
not during the experiment following the temperature program of Figure 18 (B). 
The melt-memory effect has been found in many polymers [101-103]. The 
crystals were melted first; and then the sample was annealed at this 
temperature to recrystallize. Because of the melt-memory effect (remaining 
nuclei), the morphology of crystals can recover to the morphology before the 
first melting. The corresponding temperature-time profile is shown in Figure 26. 
First, the PLLA sample was cooled down from 493 K to 333 K at 1000 K s-1. 
Second, the sample annealed at this temperature for 1000 s to nucleate and 
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transferred to 363 K at 1000 K s-1 for growth for 500 s. These two segments 
enable to nucleate PLLA at a low temperature and to grow these nuclei to 
crystals at a higher temperature. Third, the sample was reheated to 440 K at 
100 K s-1 to melt the existing crystals. What’s more, the sample was further 
annealed at this temperature to recrystallize. This isothermal segment follows 
the idea in Figure 18 (B), which represents the discrete method. AFM images 
can be taken during the gap between two isothermal segments at 440 K. Finally, 
the sample was reheated to 498 K at 100 K s-1 to illustrate the melting behavior 
of the crystallized sample. 
The heating scans 1 and 2, as illustrated in Figure 26, and a heating scan of 
a quenched sample are shown in Figure 27. The heating curve after quenching 
shows an enthalpy relaxation peak near the glass transition region. No melting 
peak is seen in the reheating curve, suggesting a crystals-free sample. Besides, 
the heating scan 1 shows the melting enthalpy that the sample crystallized 
through Tammann’s two-stage crystallization method. In addition, the heating 
scan 2 shows the melting enthalpy for the sample recrystallized at 440 K for 
200 s. The onsets of the melting peaks of heating scans 1 and 2 are 403 K and 











































Figure 26 Temperature-time profile of the discrete strategy of AFM-FSC 
measurement for following melt recrystallization. H1 and H2 
correspond to heating scan 1 and heating scan 2, respectively. 




















Figure 27 FSC heating curves of the quenched sample, H1, and H2 in Figure 
26. H1 and H2 correspond to heating scan 1 and heating scan 2, 
respectively. The total time at 440 K before H2 was 200 s. 
In Figure 28, a series of AFM images shows the morphology of PLLA after 
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thermal treatments described in Figure 26. Figure 28 (A) represents the 
morphology of the quenched sample. The image shows a structure-free 
morphology, which agrees with the FSC heating scan after quenching. Besides, 
Figure 28 (B) shows the morphology of the crystals formed through Tammann’s 
two-stage crystallization method, nucleation at 333 K for 1000 s and 
development at 363 K for 500 s. The non-spherulitic crystals fill the whole AFM 
image. Figure 28 (C) shows the morphology after the sample was heated to 
440 K and then immediately quenched to ambient. The image changes back to 
a structure-free morphology, suggesting the crystals formed through 
Tammann’s two-stage crystallization method fully melted. In addition, the 
images in Figure 28 (D) – (F) show the morphologies of PLLA that was 
recrystallized at 440 K for 50 s, 100 s and 200 s, respectively. A similar crystal 
morphology as shown in Figure 28 (B) was observed. This result shows that 
the sample was first totally molten and then re-crystallized to a morphology 
similar to the original non-spherulitic morphology. At the positions of the original 
crystals some melt-memory remains and allows recrystallization of PLLA at the 
same positions. 
   
(A) (B) (C) 
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(D) (E) (F) 
Figure 28 AFM images corresponding to Figure 26. A: quenched; B: two stage 
crystallization; C: reheated to 440 K at 100 K s-1. D: recrystallized 50 
s. E: recrystallized 100 s. F: recrystallized 200 s. Scale bar represent 
1 μm. 
The re-crystallization caused by the melt-memory effect highly relies on the 
number of available nuclei. The result above suggests that the nucleation 
density kept constant during recrystallization, indicating that the tip-induced 
nucleation and crystallization was avoided in this experiment.  
4.3 Observing non-spherulites crystals under deep supercooling 
As discussed above, tip-induced nucleation and crystallization can be 
avoided during the interrupted in-situ AFM-FSC study; while another problem 
here is whether the resolution of the in situ AFM-FSC can meet the requirement 
of observing non-spherulitic crystals. The sample used for in situ AFM-FSC is 
a non-flat droplet. The sample surface would contain some folds in case of 
multiple quick heating and cooling treatments. These areas are not good for 
AFM imaging. To further examine the performance of the AFM-FSC combined 
device, an experiment following the method reported by Gohn et al. has been 
repeated [38]. PA 66 was crystallized for 1000 s at 350 and 480 K, respectively. 
The isotherm was chosen long enough to allow for the completion of 
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crystallization. The sample was cooled at 100,000 K s-1 from 580 K to 480 K or 
350 K, respectively, annealed for 1000 s and afterward cooled to 278 K for AFM 
imaging. This temperature is below the Tg of polyamide 66 (PA 66) of about 323 
K [104] and allows imaging without further crystallization. Finally, the sample 
was re-heated to 580 K to investigate the melting of the formed crystals. AFM 
images of topology in the left and amplitude in the right, of PA 66 crystallized at 
the two annealing temperatures are shown in Figure 29. Lamellae are observed 
after crystallization at 480 K; however, in the same scanning area of this sample, 
after crystallization at 350 K the lamellae are replaced by non-lamellar particle-
like objects, with an apparent size of about 30–50 nm. If these objects are 
composed of smaller domains as discussed by Baer et al. [105] or the image is 
influenced by tip-smearing [106], is outside the scope of the present thesis. 
Nevertheless, this result is similar to the result by Gohn et al. [38]. Unlike their 
study, which requires the destruction of the sensor for collecting the AFM image, 
here, the two images have been taken from the same sample in the same area, 







Figure 29 Topology (left) and amplitude (right) images taken at 278 K after 
annealing the melt of PA 66 for 1,000 s at 480 K (A and B) and 350 K 
(C and D). 
After taking the images shown in Figure 29, the samples were melted by 
heating to 580 K at 10,000 K s-1, with the corresponding FSC curves shown in 
Figure 30. After annealing at 350 K, a double- and after annealing at 480 K a 
single-melting peak is observed. The double melting peak appearing after 
annealing at 350 K was not further evaluated, but may be explained as 
suggested by Furushima et al. by reorganization during heating [107]. From 
Eqs. 7 and 8, the sample mass was estimated to be ca. 7 ng and the 
crystallinities achieved at 350 K and 480 K are ca. 62% and 64%, respectively. 
The values taken from the ATHAS databank were: Δh = 145 J g-1 and Δcp = 
0.4 J g-1 K-1 [108]. Figure 30 shows the very different melting traces of the two 
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Figure 30 FSC melting curves of PA 66: (A) –quenched sample, (B) – annealed 
at 350 K for 1,000 s, (C) – annealed at 480 K for 1,000 s. 
5 Homogenous nucleation in Polymers 
5.1 Homogenous Crystal Nucleation in poly(butylene terephthalate) 
(PBT)  
Prior to Tammann’s two-stage crystallization experiment on PBT, the sample 
was checked for the absence of crystallization at 290 K, which is the nucleation 
temperature. For that, the AFM images were captured after 1,000 s, 4,000 s, 
and 5,000 s annealing. The temperature-time profile of the experiment is 
schematically shown in Figure 31. The heating rate was 10,000 K s-1, which 


















Figure 31 Temperature-time profile of pre-checking the sample of PBT by 
annealing at 290 K for in total 10,000 s. 
Figure 32 shows the heating curves of as-quenched (A) and PBT after 
annealing at 290 K for 10,000 s (B). Curve (A) shows a glass transition step 
and no cold crystallization and melting peaks, indicating a “nuclei free” 
amorphous sample. After 10,000 s annealing, there was a glass transition, cold-
crystallization followed by a melting peak. The crystallization and melting peaks 
have been integrated and their total area was nearly zero, suggesting no 
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Figure 32 Heating of PBT after cooling at 70,000 K s-1 (A) and after annealing 
at 290 K for 10,000 s (B). The integration as done in OriginLab™ 
software using a straight line as baseline. 
Figure 33 shows AFM images of PBT after quenching and annealing at 290 K 
for different times. According to all the images collected by AFM, there are not 
any structures observed, which means that no crystals formed after annealing 
at 290K for 10,000 s. By comparing with the data in Figure 32, it could be 
proposed that there was only a nucleation process during annealing at 290 K 
from 0 to 10,000 s, but still no crystal growth. In order to perform a quantitative 
study of homogeneous crystal nucleation of PBT, a temperature profile 
resembling Tammann´s two-stage nucleation and development scheme was 
applied [109]. Figure 34 (A) shows the temperature-time program realizing 
Tammann’s two-stage nucleation and development scheme in the AFM-FSC 
device. The other figures for temperature-time profiles for supporting 







Figure 33 AFM amplitude (left) and phase (right) images of PBT before and 
after annealing at 290 K for 10,000 s. Intermediate images were 





































































(C) tnucl: 10,000 s, tgrow: 0           (D) tnucl: 0, tgrow: 1s 
Figure 34 Temperature-time profiles for nucleation studies of PBT. For details, 
see text. 
All cooling and heating scans were performed at 100,000 K s-1. (A) – 
Tammann’s two-stage nuclei development method. PBT was first cooled to the 
nucleation temperature of 290 K, and nucleated for different times. Then the 
sample was heated to the growth temperature of 490 K and crystal growth from 
existing nuclei was allowed for 1 s. The corresponding images were taken at 
ambient temperature. After each nucleation experiment, the sample was heated 
to 580 K for observation of the crystallinity by the melting enthalpy. (B) - 
quenching to ambient temperature of 278 K and imaging of the fully amorphous 
sample; (C) – quenching to the nucleation temperature of 290 K, annealing for 
10,000 s and taking an image at 278 K; (D) – melt-crystallization at 490 K for 1 
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s, followed by imaging at ambient temperature. 
At sufficient fast cooling (> 50,000 K s-1, [110]), no crystals and nuclei are 
observed. To verify the amorphous state of the PBT sample after quenching at 
100,000 K s-1 to the ambient temperature of 278 K, the scheme of Figure 34 (B) 
was used. As displayed in Figure 35 (A) and (B), some small particles, probably 
dust or other solid impurities, in otherwise featureless surroundings appear. 
These particles provided an easy judgment of the AFM probe-positioning 
stability regarding the scan area after repeated heating and cooling scans. The 
heating scan after taking this AFM image is presented as the curve (A) in Figure 
36. At a heating rate of 100,000 K s-1, only the glass transition at around 310 K 
was seen, and neither cold crystallization nor melting peaks were detected. In 
combination with the information provided in Figure 36 (A), it was confirmed 
that cooling at 100,000 K s-1 produced a “nuclei free” amorphous sample. 
Subsequently, the morphology of the PBT sample after nucleation at 290 K 
for 10,000 s without any growth stage, see the temperature-time profile shown 
in Figure 34 (C), was investigated. The AFM images were shown in Figure 35 
(C and D). Again, only the particles in an unstructured surrounding were seen. 
The heating scan at 100,000 K s-1 was shown as curve (B) in Figure 36. The 
corresponding heating scan at 10,000 K s-1 after annealing at 290 K for 10,000 
s showed the glass transition, cold crystallization and subsequent melting of the 
just crystallized material (Figure 32, curve (B)), which was not seen without 
annealing at 290 K, (Figure 32, curve (A)), proving the creation of nuclei during 
the annealing at 290 K for 10,000 s. However, in Figure 36 curve (B), the 
heating scan at 100,000 K s-1 shows no cold-crystallization, suggesting that no 
growth occurred on heating at 100,000 K s-1. Therefore, the application of 
Tammann’s two-stage nuclei development method seemed to be justified. 
As the last test to evaluate the applicability of Tammann’s two-stage 
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crystallization scheme, the morphology of a melt-crystallized sample, that is, of 
a sample which was not subject to prior nucleation near Tg, was analyzed, 
seeing temperature program in Figure 34 (D). Since in bulk polymers of 
sufficient volume always heterogeneities are present, growth from these 
heterogeneous nuclei is expected [13]. The AFM images are shown in Figure 
35 (E) and (F). Besides the dust particles, some micrometer-sized structures 
appear. The black square in Figure 35 (F) marks the edges of some of them. 
From the AFM image one gets the impression that, in particular, surface crystals 
are formed. This is supported by the heating scan after this treatment, curve (C) 
in Figure 36. Integration of the peak results in the crystallinity of ca. 7%. At a 
heating rate of 100,000 K s-1, cold crystallization and recrystallization are 
prevented [110]. The melting peak after annealing for 1 s at 490 K without 
previous nucleation is significantly smaller compared to the melting peak after 
additional nucleation at 290 K for 10,000 s; curve (D) and the dashed line 
overlaid on the curve (C) in Figure 36. Sample mass was estimated from the 
measured heat capacity step at the glass transition and known specific heat 
capacity of the fully amorphous sample from ATHAS databank and equals ca. 
0.5 ng. After pre-nucleation (curve (D)), crystallinity was ca. 29%. The 
crystallinity without pre-nucleation (curve (C)) was ca. 9%. The crystallinity after 
annealing for 10,000 s at 490 K (curve (E)) was ca. 60%. 
Finally, we applied Tammann’s two-stage nuclei development scheme to PBT, 
see Figure 34 (A). The sample was quenched from the melt to the nucleation 
temperature of 290 K, held there for 10,000 s and then heated to 490 K for 1 s, 
allowing the formed nuclei to develop to crystals. In Figure 35 (G) and (H), a 
much finer crystalline morphology appeared, as compared to Figure 35 (E) and 
(F). The number of objects was significantly increased by the preceding 
nucleation stage. Crystallization now proceeded not only at the sample surface 
but seemed to occupy the whole volume, as can be judged by comparing 
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curves (D) and (E) in Figure 36. Curve (E) corresponded to the maximum 
possible crystallinity for annealing at 490 K. After nucleation for 10,000 s at 390 
K and development for 1 s at 490 K about 50% of the maximum possible 











Figure 35 AFM images of PBT with a 10×10 μm2 scan area. The sample was 
quenched (A and B), annealed at 290 K for 10,000 s (C and D), 
annealed at 490 K for 1 s (E and F) and annealed at 290 K for 
10,000 s and at 490 K for 1 s (G and H). The left images (A, C, E, G) 
show the topology and the right images (B, D, F, H) amplitude 
differences. Zoomed-in images of the areas marked by the black 
square are shown in Figure 37. 
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Figure 36 FSC melting curves at heating rate of 100,000 K s-1. (A) –Quenched 
sample. (B) – Annealing at 290 K for 10,000 s. (C) – Annealing at 
490 K for 1 s. (D) – Annealing at 290 K for 10,000 s followed by a 
development stage at 490 K for 1 s. (E) – Annealing at 490 K for 
10,000 s (The dotted curve overlaid on curve (C) is the duplication 
of curve (D) for comparison) 
Figure 37 presents sections of 5 × 5 μm2 area from the amplitude images of 
Figure 35. The quenched sample, Figure 37 (A) and (B), did not show any 
structure except the dust particle (marked by black circle) used as a location 
marker. In Figure 37 (C), spherulites of about 2 µm diameter could be observed. 
They are highlighted by the green square. However, with annealing at 290 K for 
10,000 s before annealing at 490 K for 1 s, a much finer morphology appeared 
in Figure 37 (D). At further zooming-in, Figure 37 (F), the size of such granular 
structures could be estimated being of the order of 100 nm. The number of 
crystals could be counted as about 40 within a 2 × 2 μm2 area. Contrary to the 
essentially homogeneous nodular morphology with sizes of about 10 nm 
observed after crystallization at 343 K in reference [39], here the structure was 
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much coarser and much more diverse. In Figure 37 (F), particle sizes were 
between 20 and 200 nm, indicating a non-uniform growth. Estimating the nuclei 
density by assuming an average distance between nuclei of 100 nm, we end 
up with about 1012 nuclei per mm3. This is still a high nuclei density, but about 
3 orders of magnitude smaller than literature reported [39]. In Figure 37 (E), the 
PBT was melt-crystallized at 490 K for 2 s, which showed spherulites in a 









Figure 37 Zoomed-in AFM amplitude images from Figure 35. The images (A), 
(B), (C) and (D) are zoomed-in images of Figure 35 (B), (D), (F) and 
(H), respectively. The image (E) is the morphology of PBT melt-
crystallized at 490 K for 2 s. The image (F) is a further zoom-in from 
image d showing a granular morphology with particle sizes of order 
100 nm. 
Even PBT can be studied by the combined AFM-FSC device employing 
Tammann’s method, there were still two limitations for the PBT sample. The 
difference between oven temperature and glass transition temperature of PBT 
is rather small, which makes it difficult to obtain a fully amorphous sample. In 
addition, the crystallization rate of PBT is fast. This problem can be solved in 
two ways. First, a more suitable sample, i.e. PA 66, can be used to replace PBT 
for investigating homogeneous nucleation in polymers. Second, Tammann’s 
two stage crystallization method can be further optimized, in which the growth 
stage can be replaced by a simple reheating segment.  
5.2 Steady-state homogeneous crystal nucleation rate of PA 66 
Compared with PBT, PA 66 has a slower crystallization rate with a minimum 
half-time of crystallization longer than 10-3 s and a lower critical cooling rate to 
suppress crystallization of 500–1000 K s-1. The Tg is rather high (323 K), which 
enables using the FSC without employing very low sub-ambient temperatures 
[38, 111]. Analysis of the crystallization rate revealed a bimodal nucleation-
controlled temperature-dependence with homogeneous crystal nucleation 
dominating at temperatures lower than about 400 K [38]. Crystallization at 
higher temperature proceeds via heterogeneous nucleation and growth of 
lamellae and spherulites, while crystallization via homogeneous nucleation at 
lower temperatures yields the formation of small nodular domains. For these 
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reasons, PA 66 is considered a good candidate for applying Tammann’s method 
and to study homogeneous nucleation by the AFM-FSC combination. 
5.2.1 FSC analysis of nucleation and crystallization of PA 66 at 310 K 
The nucleation and crystallization kinetics of PA 66 are studied by FSC 
employing the temperature-time profile illustrated in Figure 38 (A). The sample 
was heated to 580 K, that is, to above the Tm,0 of 574 K, to obtain a relaxed 
melt. Then the polymer was rapidly cooled to 310 K, that is, to slightly below Tg, 
using a rate of 100,000 K s-1. Such a high cooling rate is sufficiently fast to 
suppress both crystallization and formation of nuclei on cooling. Subsequently 
to the cooling step, the obtained glass was subjected to isothermal annealing 
for different times between 0.1 and 100,000 s, allowing nucleation and 
crystallization (red segment). After cooling the sample to 278 K, an analysis-
heating scan, representing the growth- or nuclei-development-stage in 
Tammann’s method, is performed (green segment). Note that the selected 
heating rate of 10,000 K s-1 permits cold-crystallization but only in the presence 
of nuclei formed during annealing, thus allowing following the progress of 




Figure 38 (A) Temperature-time profile for studying isothermal nucleation and 
crystallization of PA 66 at 310 K. The glass transition temperature 
(Tg) of 323 K and equilibrium melting temperature (Tm,0) of 574 K are 
indicated at the temperature axis. (B) FSC heating scans of PA 66 
after isothermal annealing at 310 K for different times between 0.01 
s and 100,000 s, as indicated in the legend. The heating rate is 
10,000 K s-1, and the red vertical line indicates the temperature of 
prior annealing. 
Figure 38 (B) shows analysis-heating scans in specific-heat-capacity units, 
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PA 66 (black lines), and information about the annealing temperature (red 
vertical line). Few curves are highlighted by black, red, blue, and green coloring, 
representing different stages of nucleation and crystal growth at the annealing 
temperature. Short-term annealing for only 0.1 s (black curve) does not allow 
both nucleation and crystallization, and, as such, only the heat-capacity 
increment at Tg is detected. If the sample is annealed for 1 s (red curve), in 
addition to the glass transition, exothermic cold-crystallization due to nuclei 
formation is detected between 400 and 450 K, followed by a small melting peak 
close to 500 K. The areas of the crystallization and melting peaks are identical, 
which proves absent crystallization at the annealing temperature of 310 K. 
Qualitatively similar behavior is seen in annealing experiments lasting up to 400 
s (blue curve), however, with the increasing areas of the cold-crystallization- 
and melting-peaks indicating an increasing number of nuclei. Annealing longer 
than 400 s, finally, permits crystallization at the annealing temperature 
recognized by an increase of the glass transition temperature, which in addition 
is superimposed by a melting peak, by minor cold-crystallization, and final 
melting (see the green curve in Figure 38 (B)). 
Quantitative data about the nucleation and crystallization kinetics are 
obtained by analysis of the annealing-time dependence of the Δhcc and Δhtotal, 
respectively, as shown in Figure 39 (A) and (B). The total enthalpy-change was 
obtained by integrating the curves between the annealing temperature (310 K) 
and Tm,0 (574 K), down to zero, and subtracting the same integral of the non-
annealed sample. The cold-crystallization enthalpy was estimated by 
integrating the corresponding exothermic cold-crystallization peaks using the 
heat capacity of liquid PA 66 as a baseline. The data reveal that cold-
crystallization due to nuclei formation is observed if the annealing time exceeds 
about 1 s, while annealing for 100 s, or longer, causes crystallization, as 
indicated with the upturn of the total enthalpy-change. The change of slope of 
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the total enthalpy-change after about 3000 s is associated with a transition from 
primary to secondary crystallization. A series of AFM images were collected as 
indicated in Figure 38 (A) to show the morphology after annealing at 310 K, 
named ‘Series 1’ and shown in Figure 43. 
The half-times of nucleation and crystallization are obtained by a double 
Avrami fit of the two data sets [70, 112], with the fitting functions represented 
by Eqs. (9) and (10), respectively: 
∆h𝑐𝑐 = −(∆h𝑛𝑢𝑐𝑙′ (1 − exp (−
𝑡
𝑡ℎ𝑎𝑙𝑓,𝑛𝑢𝑐𝑙
𝑙𝑛2)𝑛) + ∆hℎ𝑒𝑡) + ∆h𝑡𝑜𝑡𝑎𝑙 
(9) 











In Eqs. (9) and (10), hnucl’ is the maximum cold-crystallization enthalpy due 
to formation of homogeneous nuclei in Figure 39 (A), Δhcrys’ is the final enthalpy 
of primary crystallization in Figure 39 (B), t is the annealing time, n is the Avrami 
index, A2 is a constant related to secondary crystallization and thalf,nucl and 
thalf,crys are the half-times of nucleation and primary crystallization, respectively. 
Cold-crystallization due to the presence of heterogeneous nuclei (Δhhet) is 
absent under the chosen experimental conditions, yielding Δhhet = 0. Eq.(9) 
simplifies accordingly. The presence of heterogeneous nuclei would cause 
cold-crystallization also at short annealing times, which, however, is not 
observed at the heating rate of 10,000 K. The fit of the data shown in Figure 39 
yields half-times of homogeneous crystal nucleation and primary crystallization 
of about 24 and 670 s, respectively. Finally, the half-times were determined for 
annealing temperatures between 310 K and 420 K and are shown in below. 
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Figure 39 (A) Cold-crystallization enthalpy and (B) total enthalpy change of PA 
66 on heating, both as function of annealing time at 310 K. The 
highlighted data points Figure 39 correspond to the highlighted 
curves in Figure 38 (B). 
5.2.2 AFM-FSC analysis of the enthalpy of formation of one PA 66 crystal at 
pre-defined growth conditions 
In order to trace nucleation by AFM, Tammann’s method has been applied. 
The temperature-time program of the experiment shows Figure 40 (A). After 
removal of the thermal history by heating to 580 K for 10 ms, the sample is 
cooled to 310 K at a rate of 100,000 K s-1, followed by isothermal annealing at 
this temperature for the annealing time between 0.01 and 100,000 s, in analogy 
to the annealing experiment described above. Additionally, after the annealing 
step, the sample is heated to 460 K at 10,000 K s-1, isothermally held at this 
temperature for 1 ms, and cooled down to 278 K at 10,000 K s-1, allowing the 
67 
 
growth of nuclei to detectable crystals mainly at heating (blue segment). Note 
that the temperature of 460 K was selected such to allow cold-crystallization 
but to avoid melting. The isothermal segment of 1 ms at 460 K was included in 
the temperature profile for instrumental reasons, required for turning the heating 
ramp into a cooling ramp. After cooling the sample to 278 K, a second set of 
AFM images was collected, named ‘Series 2’, to illustrate the morphology 
formed in the development stage of Tammann’s method, that is, formed mainly 
during heating, but also during annealing at 460 K, and during re-cooling to 278 
K. Finally, a further analysis-heating scan is performed, in order to evaluate the 




Figure 40 (A) Temperature-time profile for studying crystal nucleation in PA 66 
employing Tammann’s method. The isothermal red segment 
represents the nucleation stage while the blue heating ramp, the 
isotherm, and the re-cooling represent the growth stage, allowing 
growth of nuclei to crystals. (B) FSC heating scans ‘1’ to a maximum 
temperature of 460 K (top set of curves), allowing growth of nuclei 
but avoiding melting, and final FSC heating scans ‘2’ for evaluation 
of the crystallinity as a function of the annealing time (bottom set of 
curves). 
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and ‘2’ (see blue and green segments in Figure 40 (A)), respectively. The top 
data set verifies the reproducibility of the nucleation and growth experiment 
described in Figure 39. For annealing times longer than about 1 s, cold-
crystallization is detected and a semicrystalline structure is expected at the end 
of the growth stage. Inspection of the final analysis heating scans (bottom set 
of curves), however, reveals information that nuclei formation, when initially 
annealing between 0.01 and 20 s, continues e.g. during cooling from 460 K to 
278 K or during collection of the AFM ‘Series 2’, as distinct cold-crystallization 
is detected in the heating scan 2 for these short annealing times. For example, 
after 0.01 s annealing (black curve in Figure 40) no cold-crystallization appears 
in heating scan 1 but significant cold crystallization is seen in heating scan 2. 
Nevertheless, the total enthalpy change determined from heating scan 2 is still 
zero, indicating that without nuclei formed during annealing, there are no 
detectable crystals formed on heating to 460 K, annealing and cooling back to 
278 K.  
The highlighted curves in Figure 40 (B) are shown in Figure 41 (A) and (B) 
together with the baselines used for integration. The resulting enthalpies of cold 
crystallization during heating scan ‘1’ (Δhcc) and the total enthalpy change from 





Figure 41 (A) Selected heating scans ‘1’ with the baseline used for integrating 
the cold-crystallization peak (Δhcc). (B) Selected heating scans ‘2’ 
with the baseline used for integrating cold-crystallization and melting 
peaks (Δhtotal). 
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Figure 42 (A) Cold-crystallization enthalpy in heating scan ‘1’ and (B) total 
enthalpy change in heating scan ‘2’. Both as a function of annealing 
time at 310 K. The highlighted data points in Figure 5 correspond to 
the highlighted curves in Figure 3 (B) and Figure 4. 
The FSC heating scans ‘1’ were evaluated regarding the enthalpy of cold-
crystallization, providing information about the fraction of crystals formed at the 
heating scan 1 and with that information about the nuclei formed during 
annealing similar to Figure 42 (A). Integration of the heating scans ‘2’, covering 
the cold-crystallization peak and the melting peak, in contrast, reveals 
information about the total enthalpy change, that is, about the fraction of 
crystals formed in the preceded development-stage.  
In the hypothetical case that all crystallization occurs at heating and nothing 
at the isotherm and on cooling, one expects similar absolute values of opposite 
sign in Figure 42 (A) and (B). However, comparing cold crystallization enthalpy 
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from heating scan 1, Figure 42 (A), with the total enthalpy change from heating 
scan 2, Figure 42 (B), results in a significant difference. The change of total 
enthalpy from heating scan 2 is about twice the cold crystallization enthalpy 
from heating scan 1. 
From the observation above regarding the short annealing times and this 
discrepancy, we conclude that (i) no crystals form during the development stage 
without nuclei created before the development stage and (ii) crystals growing 
from nuclei created during the nucleation stage are able to grow on heating 
(Δhcc) and additionally at the isotherm and on cooling. However, from (i) we can 
assume that the number of crystals in the AFM images of Series 2, after the 
development stage, corresponds to the number of overcritical nuclei present 
after the nucleation stage. With this assumption, the cold crystallization 
enthalpy from heating scan ‘1’ (Δhcc) allows estimating the number of nuclei 
present after the nucleation stage as explained below. 
Figure 43 shows AFM images of the morphology of a PA 66 sample collected 
immediately after cooling the melt at 100,000 K s-1 to 278 K (top left) and after 
additional isothermal annealing at 310 K for different time up to 100,000 s, as 
indicated; note that all micrographs were taken at 278 K. The phase-angle color 
scale is adjusted such that amorphous regions are shown in blue while crystals 
appear in green and red. Most important, the morphology detected by AFM 
excellently agrees with the calorimetrical data of Figure 40 (A). The FSC data 
revealed that crystallization begins after about 100 s, which is in accord with 
the first appearance of heterogeneities/crystals in the corresponding AFM 
image of Figure 43. Annealing for longer time causes a further increase of the 
crystal number and their growth, and after 100,000 s, a space-filled semi-
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Figure 43 AFM phase images of PA 66 collected after cooling the melt at 
100,000 K s-1 to 278 K (top left), and after additional annealing at 
310 K for 10, 100, 1000, 10,000, and 100,000 s as indicated. These 
images correspond to AFM ‘Series 1’ in Figure 40 (A). The scale bar 
corresponds to 100 nm. 
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Figure 44 shows AFM images of PA 66 of Series ‘2’, collected after subjecting 
the polymer to Tammann’s method. The images (A) to (N) represent different 
annealing/nucleation times, while the growth conditions were kept unchanged 
(see red and green segments in Figure 40 (A)). Quenching the melt to 310 K 
and annealing up to 0.4 s does not cause nucleation and therefore cold-
crystallization is absent on heating to 460 K. Therefore, the images (A) to (C) 
are featureless. Starting from image (D), bright spots with an increasing number 
appear, interpreted as visible crystals with a size of around 100 nm, grown from 
previously formed nuclei. Note, at this point in research estimation and 
interpretation of the absolute size of crystals is out of the scope since the 
employed AFM is optimized for FSC coupling but not for observation of high-
resolution images. However, AFM can detect these crystals allowing estimation 
of the nuclei density through counting the number. With increasing annealing 
time, more and more crystals are observed. When the annealing time at 310 K 
exceeds 1000 s (image (M)), then the contrast between amorphous and 
crystalline phases disappears, and is completely lost at an annealing time of 
2000 s (image (N)). Referring to the bottom right image in Figure 43, we suggest 








(A) Quenched  (B) 0.01 s 
Numcryst: 0, Nv(t): 0 Numcryst: 0, Nv(t): 0 
  
(C) 0.4 s (D) 1 s 
Numcryst: 0, Nv(t): 0 Numcryst: 2, Nv(t): 8.00×1017 m-3 
  
(E) 2 s (F) 4 s 




(G) 10 s (H) 20 s 
Numcryst: 55, Nv(t): 2.2×1019 m-3 Numcryst: 94, Nv(t): 3.8×1019 m-3 
  
(I) 40 s (J) 100 s 
Numcryst: 259, Nv(t): 1×1020 m-3 Numcryst: 421, Nv(t): 1.7×1020 m-3 
  
(K) 200 s (L) 400 s 





(M) 1000 s (N) 2000 s  
The scales for phase angle between the cantilever oscillation and the driving 
force in (M) and (N) are different from all other images (100 deg instead of 20 
deg). 
Figure 44 AFM phase images of PA 66 collected after annealing at 310 K 
according to Tammann’s method. Referring to Figure 40 (A), the 
images correspond to AFM ‘Series 2’. The annealing time is 
indicated at the various images. The scale bar corresponds to 1 µm. 
The reproducibility of images is documented in the Appendix A1. 
Number of crystals observed in the images: (Numcryst). Nv(t) is the 
volume density of crystals determined from Numcryst as described in 
the text. 
The number of nuclei and the resulting area density, estimated from the 
AFM images using ImageJ software is given below each image. Nuclei area 
density was transformed to volume density by assuming the same nuclei 
density in each slice of 100 nm thickness. Such assumption is common for 
determining particle volume densities from area densities [113]. The uncertainty 
caused by this assumption for the determined crystal number density, Nv(t), is 
not analyzed, and errors given below represent statistical uncertainties only. 
The resulting volume densities shows Figure 45 (A) as a function of the 
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annealing time (see Appendix A2 for further details). For annealing times 
shorter than 50 s, a linear relation between the nuclei number and the annealing 
time is obvious, representing steady-state nucleation. For annealing times 
longer than 100 s, saturation occurred, related to the high number of nuclei 
formed, and space constraints. Regarding the initial, linear part of the curve, an 
attempt to rationalize the obtained data within the frame of the CNT is possible. 
As described by CNT [45, 46, 114-116], the relationship between the Nv(t) at 
a particular annealing time t and the Ist is given by Eq.(11): 
 𝑁𝑉(𝑡) = 𝐼𝑠𝑡𝜏 [𝑡 −
𝜋2
6






)∞𝑚=1 ] (11) 
In Eq.(11), m is an integer between unity and infinity and τ is the time lag of 
forming clusters (nuclei) of critical size. This expression can be simplified to 
Eq.(12) for times, t, much longer than τ: 




In the experimental data of Figure 45 (A), τ cannot directly be estimated 
while the so-called induction time tind can be assessed through linear fitting, 
being the onset time in the experimental curve of the nuclei density versus the 
annealing time. The relationship between tind and τ shows Eq.(13): 
 𝜏 = 𝑡𝑖𝑛𝑑
6
𝜋2
  (13) 
Combining Eqs.(11) to (13), Ist can be estimated at (t – tind) > 0 by Eq.(14): 




By fitting the data of Figure 45 (A), through Eq.(14), Ist and tind can be 
obtained as (2.3 ± 0.2)×1018 m-3 s-1 and 3 s, respectively. 
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Assuming, as discussed above, that all overcritical nuclei formed at the 
nucleation stage grow to observable crystals at heating to 460 K and continue 
to grow at the isotherm and at cooling, we can estimate the contribution of each 
single crystallite to the observed Δhcc from heating scan 1. If each nucleus in 
average contributes the same amount to the measured cold-crystallization 
enthalpy of heating scan 1, Eq.(15) below provides the relation between the 
volume based cold-crystallization enthalpy Δh’cc and the number density of 
nuclei from the AFM images. Eq.(15) allows conversion of measured transition 
enthalpies in units of J g-1 (Δh) into units of J m-3 (Δh’), employing the density 
of the sample (sample  1.1 g cm-3) [117]: 
 ∆ℎ′ = ∆ℎ ∙ 𝜌sample  (15) 
 
Figure 45 Number-density of crystals developed by nucleation at 310 K and 
growth during heating to 460 K, isothermal annealing at 460 K for 1 
ms, and subsequent re-cooling (A), and corresponding enthalpy of 
crystallization (B), both as a function of the annealing time. 





Jst = (2.3 ± 0.2)x1018 m-3 s-1
tind = 1.8 s
































Figure 45 shows for the annealing time interval between 0 and 400 s on a 
linear time scale the dependencies of the nuclei density Nv(t), Figure 45 (A), 
and of the cold-crystallization enthalpy Δh’cc, Figure 45 (B). In the time interval 
where the number of nuclei identified in the AFM images depends essentially 
linearly on time, below 50 s, also a linear dependence of Δhcc on time is 
expected, which, however, is not strictly observed. Nevertheless, for annealing 
times below 50 s, the curve is close to linear and the enthalpy contribution of 
each single crystallite (Δh’cc,single) to the measured cold-crystallization enthalpy 
(Δh’cc) at heating rate 10,000 K s-1 can be determined via Eq.(16) as Δh’cc,single 
= (5.2 ± 0.5)×10-13 J: 






  (16) 
With this quantity, the dependence of the number of supercritical nuclei on 
time, Nv(t), can be estimated from Δh’cc(t), which enables estimation of 
nucleation rates for a wide temperature range since only calorimetric data are 
required. 
5.2.3 FSC analysis of the temperature-dependence of nucleation rates of PA 
66 
Figure 46 shows the temperature-time program for studying isothermal 
nucleation and crystallization rates at different annealing temperatures between 
310 and 420 K. Samples are cooled at a rate of 100,000 K s-1 to a pre-defined 
temperature, followed by annealing for different time up to 100,000 s. The 
nucleation and crystallization kinetics are then obtained, again, through the 






















Figure 46 Temperature-time profile for studying rates of homogeneous 
nucleation at different temperatures between 310 and 420 K. The 
glass transition temperature (Tg) of 323 K and equilibrium melting 
temperature (Tm,0) of 574 K are indicated at the temperature axis. 
Figure 47 (A) shows the total change of enthalpy and Figure 47 (B) the cold-
crystallization enthalpy of PA 66 as a function of the time of annealing at the 
indicated temperatures, derived from the analysis-heating scans shown in 
Appendix A3 Figure A5 and A4, respectively (see also green-colored segment 
in Figure 46). In Figure 47, as the annealing temperature increases from 310 K 
to 420 K, the rates of crystallization and nucleation increase. Similar as for the 
data of Figure 40, double Avrami fitting (see Eqs.(9) and (10)) allowed 
estimation of half-times of nucleation and crystallization, thalf,nucl and thalf,crys, 
respectively, for the various annealing temperatures, as shown in Figure 48. 
Both, thalf,nucl and thalf,crys show a similar dependence on the annealing 
temperature. When annealing at temperatures higher than 375 K, then cold-
crystallization cannot be observed and thalf,nucl cannot be quantified, suggesting 
that heterogeneous nucleation becomes dominant. In addition, Figure 48 also 
shows the τ-values obtained through Eq.(13), revealing a distinct minimum at 
345 K. Comparing the data of the present work with earlier published 
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crystallization-rate data obtained on the same material [38] reveals excellent 
agreement. However, while crystallization based on homogeneous nuclei is 
fastest at about 380 K, the maximum nucleation rate is detected at 350–360 K; 
similarly, τ shows a minimum at around 345 K. 
 
 
Figure 47 (A) Total enthalpy change and (B) cold-crystallization enthalpy of PA 
66 as a function of the time of annealing at the indicated 
temperatures. The temperature increment for the grey colored 
curves equals 5 K. 
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Figure 48 Time lag of forming nuclei of critical size, half-time of isothermal 
nucleation, half-time of isothermal crystallization and peak-time of 
isothermal crystallization as a function of temperature. Additional 
crystallization peak-time data are obtained from the literature.[38] 
By using the above described isothermal FSC experiments at different 
annealing temperatures, the Nv(t, T) can be quantitatively estimated by Eq.(17): 




′           (17) 
Δh’cc(t, T) is the enthalpy of cold-crystallization during heating to 460 K after 
annealing at different temperatures for different times. In the case of identical 
growth conditions, it is expected that the size of all crystals forming from the 
nuclei is independent of the initial size and structure of the nuclei, that is, 
independent on the nucleation time and temperature. As a representative 
example, Figure 49 (A) shows the enthalpy of cold-crystallization hcc as a 
function of the annealing time at 345 K. The number of nuclei Nv(t) is estimated 
through Eq.(17) for the linear part of the curve, and the steady-state nucleation 
rate Ist is calculated through Eq.(14). The nuclei number Nv(t) is plotted as a 
function of the annealing time in Figure 49 (B) while results obtained from data 
sets involving nucleation at different temperatures are available in the Appendix 
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Figure 49 (A) Experimentally observed enthalpies of cold-crystallization and 
(B) estimated nuclei number Nv(t) as a function of the time of 
annealing at 345 K. The linear fits exclude the point at 0.4 s. 
Figure 50 shows Ist as a function of temperature within the analyzed 
temperature range between 310 and 375 K. Within this temperature interval, 
the nucleation rate varies by, roughly, two orders of magnitude between 1017 
and 1019 m-3 s-1. The maximum nucleation rate is observed at 345 K. According 
to the CNT, the dependence of Ist on temperature is described by Eq.(18): 









)  (18) 
Furthermore, d0  3.34 nm is the length of a monomer in the unit cell, the 
shape parameter c is estimated as 1/𝑑03 and Wc is the work of formation of a 
nucleus of critical size. The diffusion coefficient is estimated by Eq.(19), 








Jst = (2.2  0.04)x1020 m-3 s-1
t = 8 ms
 
 
 Nuclei density estimated by Eq.(11)




































Slope = - (1.1  0.03)x108 J m-3 s-1 
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assuming that the system behaves like a liquid: 




where D0 = 3.3×10-4 m2 s-1 is the maximum value of D and Wc can be 
estimated through Eq.(20) [118]: 












)  (20) 
In Eq.(20), Tm,0 = 574 K [108], φ is equal to 1 for homogeneous nucleation 
[118], and α is assumed as 0.45 [119]. As shown in Figure 50 with the red line, 
the CNT can describe the experimental results at high temperatures well, but 
largely overestimates the results at low temperatures. For inorganic materials 
and metals, this phenomenon has been widely reported. A sound explanation 
is that the effective diffusion coefficient D near the glass transition temperature 
(Tg) is not properly described by Eq.(19) as diffusion would stop only when the 
temperature is 0 K, far from reality. Experimental results show that nucleation 
and growth both fade at temperatures lower than 30…50 K below Tg [6, 67, 120].  
Abyzov et al. [119] proposed to take into account the spatial heterogeneity 
of the liquid when the temperature is near and below Tg. In liquid-like regions, 
nucleation proceeds via the CNT while in solid-like regions, nucleation is 
suppressed. In order to fit the experimental data, P(T) is introduced in the CNT. 
Thus, CNTlow-temp is expressed by Eq.(21): 










They suggested estimating P(T) through an empirical Eq.(22): 
 𝑃(𝑇) =  𝑉𝑛
𝑉
= {
1 (𝑇 > 𝑇𝑠𝑤)
exp[−𝐾𝑣(𝑇𝑠𝑤 − 𝑇)




Eq.(21) is able to resolve the problems in the application of CNT for many 
materials, including PA 66 of the present study (see blue line in Figure 50). 





































 CNT Fit by Eq.18
 CNTlow temp Fit by Eq.21
Tg = 323 K
Tsw = 344 K
 
Figure 50 Steady-state crystal nucleation rate of PA 66 as a function of 
temperature estimated by calorimetry (black points). The data are 
fitted by Eqs.(18) and (21), as shown by the red and blue lines, 
respectively. The parameters, obtained by nonlinear least square 
fitting, are as follows: ED = 7.6×105 J mol-1, Δσ = 0.036 J m-2, Tsw = 
344 K, Kv = 0.0025 and β = 2. 
With an optimized Tammann’s two-stage crystallization method, the 
dependence of nucleation density on annealing time for PA 66 at 310 K has 
been successfully investigated by AFM-FSC. Moreover, using the enthalpy 
contribution of each individual crystallite, the FSC data can be utilized to 
estimate the density of nuclei from the reheating scan segments after 
isothermal annealing. Thus, the nucleation kinetics of PA 66 at temperatures 
between 310 and 375 K was investigated through FSC. The temperature 
dependence of the steady-state nucleation rate of PA 66 and other polymers 
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can be estimated by this approach.  
6 Conclusion 
The AFM-FSC combined device provides an efficient tool for the detailed 
studies of morphology developments after annealing for very different times (ms 
to days) and cooling and heating in a very wide range of scanning rates (up to 
1,000,000 K s-1). The performance of the AFM-FSC device was tested by 
investigating different morphological features for different kinds of polymers. 
Crystallization pathways were widely varied to allow, for example, 
heterogeneous and homogeneous crystal nucleation. Such studies are not 
limited to polymers but any other crystallizing system, giving some contrast in 
AFM. The FSC does not only provide a very fast hot stage for the AFM; it also 
allows studying the thermal behavior of the sample just after taking the AFM 
image. Furthermore, the micrometer-sized hot-spot of the FSC chip and total 
heating powers of the order of less than 10 mW do not disturb the AFM 
extensively. Thermal treatments can be repeated either applying the same 
thermal treatment for improving the statistical relevance of the results or with 
changing parameters to obtain some dependencies. In both cases, the high 
reproducibility of the image location is very beneficial. 
The in situ AFM-FSC provides quantitative information on homogeneous 
crystal nucleation in PA 66. PA 66 was subjected to Tammann’s two-stage 
crystal nuclei development method, including quenching the relaxed melt to the 
nuclei-formation temperature of 310 K, annealing for different times to allow 
crystal nucleation, supplemented by an analysis of nuclei-growth to crystals by 
heating the sample. The employed specific experimental setup allows a precise 
correlation of AFM images and FSC heating curves. The number of detectable 
crystals/nuclei from the AFM images is of the order of 1010 to 1013 m-2. By 
variation of the nucleation time and converting the area densities to volume 
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densities, a value of the steady-state nucleation rate equal to (2.3±0.2)×1018 m-
3 s-1 at 310 K has been evaluated. Comparing the total enthalpy of cold 
crystallization in the development stage of Tammann’s method, obtained by 
FSC, with the number of crystals, observed by AFM, yields the specific enthalpy 
of melting/formation of one individual crystal of (5.2±0.5)×10-13 J. This value 
holds for the specific growth conditions applied, here heating at 10,000 K s-1 to 
460 K. With the (5.2±0.5)×10-13 J and the measured cold crystallization enthalpy 
in the development stage, after nucleation at different temperatures for different 
times, provides an reliable estimate for the nuclei densities. Application of this 
approach, that is, correlating transition enthalpies with nuclei numbers, for 
analysis of crystal nucleation in a wide range of temperatures between 310 and 
375 K yielded a maximum homogeneous nucleation rate close to 1019 m-3 s-1 
at around 350 K. The present study offers a qualitatively new approach of 
analyzing the kinetics of homogeneous nucleation of polymers. In addition, it 
allows one to employ the specific AFM-FSC setup as a valuable tool for direct 
observation of crystal-specific enthalpies of crystallization. 
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iPP - isotactic Polypropylene 
PA 11 - Polyamide 11 
PA 66 - Polyamide 66 
BA-C8 - Poly (bisphenol A-co-octane) 
PBT - Poly (butylene terephthalate) 
PBN - Poly (butylene-2,6-naphthalate) 
PCL - Poly (-caprolactone) 
PE - Polyethylene 
PEEK - Poly (ether ether ketone) 
Theories and thermal properties items 
t - Annealing time 
n - Avrami coefficient of crystallization 
kB - Boltzmann constant 
CNT - Classical nucleation theory 
CNTlow temp - CNT at temperatures near and below Tg () 
α- Critical size of the cluster 
Tsw - Critical temperature of forming the heterogeneous liquid 
X - Crystallinity 
ρamor - Density of amorphous phase 
ρcrys - Density of crystalline phase 
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ρsample - Density of sample 
DNA - Deoxyribonucleic acid 
ΔGV - Difference between the free energies of liquid and crystal per unit volume 
of the crystal 
Δσ - Difference of the specific interfacial energy between melt and crystalline 
phases 
D - Effective diffusion coefficient governing the processes of aggregation of 
amorphous segments to crystal phase 
Δhhet - Enthalpy change due to cold crystallization at this heating rate on 
heterogeneities 
Δhcc - Enthalpy of cold-crystallization 
Δh’cc - Enthalpy of cold-crystallization with the unit Jm-3 
Tm,0 - Equilibrium melting temperature 
Kv - Fitting parameter of Eq.(20) proposed by Abyzov et al. 
Q - Fitting parameter of Eq.(20) proposed by Abyzov et al. 
Δhcrys’ - Final enthalpy of primary crystallization at infinite time 
FIB - Focused ion beam 
Δhnucl’ - Limiting cold crystallization enthalpy due to homogeneous nuclei 
d0 - Length of a monomer in the unit cell 
Acant - Maximum of amplitude of free cantilever 
Δhrecovery.max - Maximum of enthalpy recovery 
Ftip - Maximum of stress that tip works on the sample surface 
D0 - Maximum value of effective diffusion coefficient 
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Δh - Measured heat of fusion 
ΔФ - Measured heat flow step at the glass transition of the fully amorphous 
sample 
Nv(t, T) - Nuclei density at different annealing times and temperatures 
t1/2 nucl - Half-time of nucleation 
t1/2 - Half-time of crystallization 
Δh - Heat of fusion of the fully crystalline material 
ß - Heating rate 
HRTEM - High-resolution transmission electron microscopy 
tind - Induction time of nucleation 
Tm,onset - Onset temperature of melting peak 
tind cry - Onset time of crystallization 
tonset - Onset time of the curve of nuclei density against time 
Tm,peak - Peak temperature of melting peak 
h - Planck constant 
m - Sample mass 
A2 - Secondary crystallization parameter of the Avrami equation 
Δh’cc(t, T) - Specific enthalpy with the unit Jm-3 at different annealing times and 
temperatures 
ΔCp - Specific heat capacity at the glass transition step 
Δhcc - Specific heat of cold-crystallization 




Specific surface free energy of the critical nucleus-melt interface (σ) 
K - Spring-constant 
Ist - steady-state nucleation rate 
Wc - The work of formation of a nucleus of critical size 
Δh’total - Total enthalpy with the unit Jm-3 
Nv(t) - Time-dependence of the number of super-critical nuclei per unit volume 
of the system 
τ - Time-lag required to establish the critical size of nuclei 
P(T) - Volume proportionality of the liquid-like amorphous phase in the total 
amorphous region at a particular temperature 
VFT - Vogel–Fulcher–Tammann 
A - VFT fitting parameter A 
B - VFT fitting parameter B 
T0 - Vogel temperature 
Devices and electronics names 
AFM - Atomic force microscopy 
AFM-FSC - Atomic force microscopy – combination - fast scanning calorimetry 
DSC - Differential scanning calorimetry 





A1: AFM images by repeating experiments 
The AFM experiment has been repeated to check the repeatability and to 
estimate the error bar, as shown in Figure S1.  
Figure A1. AFM image of PA 66 (Phase of angle) after thermal treatment for 
growing nuclei with different annealing times (A) 2 s, (B) 4 s, (C) 10 
s, (D) 20 s, (E) 40, (F) 100 s, (G) 200 s, (H) 400 s. 
A2: Influence of Oven Temperature on Specific Enthalpy 
The specific heat capacity against temperature by FSC with oven 
temperatures of 278 K and 83 K is shown in Figure S2 (A) and (B). Both figures 
show similar curves. The integrated results of cold-crystallization are shown in 
Figure S2 (C) and (D), respectively. The data obtained from FSC with an oven 
temperature of 83 K displays better linearity than the data at 278 K because 
some extra enthalpy is introduced at the time between the previous isothermal 
    
(A) (B) (C) (D) 
    
(E) (F) (G) (H) 
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annealing and reheating. This external enthalpy influences the linearity of the 
data at short annealing times. Furthermore, even with extra enthalpy, the fitting 
shows the same result. The curve of 83 K shows the same value but with a 
smaller uncertainty than the curve of 278 K.  
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Figure A2. Specific heat capacity against temperature with oven temperatures 
278 K (A) and 83 K (B). Specific enthalpy against annealing time with 
oven temperatures 278 K (C) and 83 K (D). 
A3: Isothermal Experiments at Different Annealing Temperatures 
Figure S3 shows the FSC reheating curve of isothermal annealing at different 
temperatures from 315 to 420 K. The nucleation kinetics is studied by cold-
crystallization behavior and fitted by double Avrami Fitting, as shown in Figure 
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A4. The crystallization kinetics is shown in Figure A5. 
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Figure A3. FSC heat scans of PA 66 after isothermal annealing at different 
temperatures; (A) 315 K, (B) 320 K, (C) 325 K, (D) 330 K, (E) 335 K, 
(F) 340 K, (G) 345 K, (H) 350 K, (I) 355 K, (J) 360 K, (K) 365 K, (L) 
370 K, (M) 375 K, (N) 380 K, (O) 385 K, (P) 390 K, (Q) 395 K, (R) 
400 K, (S) 405 K, (T) 410 K, (U) 415 K, (V) 420 K. 
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Figure A4. Δhcc against annealing time at different temperatures; (A) 315 K, (B) 
320 K, (C) 325 K, (D) 330 K, (E) 335 K, (F) 340 K, (G) 345 K, (H) 350 
K, (I) 355 K, (J) 360 K, (K) 365 K, (L) 370 K, (M) 375 K. The data are 
fitted by double Avrami equation (see Eq.(1) in main text). 
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Figure A5. Δhtotal against annealing time at different temperatures; (A) 315 K, 
(B) 320 K, (C) 325 K, (D) 330 K, (E) 335 K, (F) 340 K, (G) 345 K, (H) 
350 K, (I) 355 K, (J) 360 K, (K) 365 K, (L) 370 K, (M) 375 K, (N) 380 
K, (O) 385 K, (P) 390 K, (Q) 395 K, (R) 400 K, (S) 405 K, (T) 410 K, 
(U) 415 K, (V) 420 K. The data are fitted by Avrami equation (see 
Eq.(2) in main text). 
A4: Estimating Ist through Isothermal FSC Experiments 
As the same way to Figure 13 in the main text, the Nv(t) at different 
temperatures are estimated from FSC data by using Eq.(11) of the main text. 
Besides, Ist at different temperatures are fitted by Eq.(6) in the main text, as 
shown in Figure S6. 
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Figure A6. Nucleation density estimated through FSC data against annealing 
time at different temperatures; (A) 315 K, (B) 320 K, (C) 325 K, (D) 
330 K, (E) 335 K, (F) 340 K, (G) 345 K, (H) 350 K, (I) 355 K, (J) 360 
K, (K) 365 K, (L) 370 K, (M) 375 K. The data are fitted by the 
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